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List of Abbreviations and Symbols 
The reader is assumed to possess basic knowledge of measurement units and 
their prefixes, scientific symbols, and abbreviations in common usage. 
Examples pertinent to this thesis are millimetre (mm), millilitres (ml), kilo- (k), 
Fluorine-19 (18F), Iodine-124 (124I), two-dimension (2D) and three-dimension 
(3D). Some quantities carry non-SI units such kilo-Becquerel per millilitre 
(kBq/ml) for radioactivity concentration. A number of abbreviations which 
occur infrequently have been omitted from the following list. These are 
expanded at the appropriate point in the main text. 
<< Used with the p value to indicate that it is 
highly significant 
40% or 40%1 Fixed thresholding using 40% of the 
maximum voxel activity concentration 
40%27 Fixed thresholding using 40% of the mean 
activity concentration of 27 voxels around the 
maximum voxel 
40%9 Fixed thresholding using 40% of the mean 
activity concentration of 9 voxels around the 
maximum voxel 
BGO Bismuth Germanate scintallator 
BTV Biological target volume 
CAT Contrast adjusted thresholding method 
CAT27 Contrast adjusted thresholding method using 
the mean of 27 voxels around the maximum 
activity concentration voxel 
CAT27-60 Contrast adjusted thresholding method using 
the mean of 27 voxels around the maximum 
activity concentration voxel and 60 min single 
calibration curve 
CAT-60 or CAT1-60 Contrast adjusted thresholding method using 
60 min single calibration curve 
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CAT9 Contrast adjusted thresholding method using 
the mean of 9 voxels around the maximum 
activity concentration voxel 
CAT9-60 Contrast adjusted thresholding method using 
the mean of 9 voxels around the maximum 
activity concentration voxel and 60 min single 
calibration curve 
CI Conformity index 
Co Observed contrast 
CS Crescent irregular volume 
CT Computed tomography 
Ct True contrast 
CTV Clinical Target Volume 
DSC Dice similarity coefficient 
EA Acceptable error 
EDT Euclidean distance transformation 
FBP Filtered-backprojection reconstruction 
technique 
FDG 18F-fluoro-deoxyglucose 
fMRI functional magnetic resonance 
FoV Field of interest 
FWHM Full width at half maximum 
GTV Gross target volume 
ICRU International Commission on Radiation Units and 
Measurements 
IMRT Intensity modulated radiotherapy 
IT Iterative reconstruction technique 
ITM Iterative thresholding method 
ITV Internal target volume 
IV Irradiated volume 
JSC Jaccard similarity coefficient 
Lmax Maximum voxel value 
Lmax27 Mean of 27 voxels around the maximum 
voxel value 
Lmax9 Mean of 9 voxels around the maximum voxel 
value 
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LOR Line of response 
LSO Lutetium oxyorthosilicate scintillator 
MD-CRT Multidimensional conformal radiotherapy 
MLC Multi-leaf collimator 
MR Magnetic resonance 
MRI Magnetic resonance imaging 
Nal(TI) Sodium iodide scintillator 
NEMA National electrical manufacturers association 
NSCLC non-small cell lung cancer 
NTCP Normal tissue complication probability 
OAR organs at risk 
p P-value 
PET Positron emission tomography 
PMT Photomultiplier tube 
PSF Point spread function 
PTV Planning target volume 
PVE Partial volume effect 
RC Recovery coefficient 
RT Radiotherapy 
RTP Radiotherapy treatment planning 
S/B Signal to background ratio 
SD Standard deviation 
SF Scatter fraction 
SNR Signal to noise ratio 
SPECT Single photon emission computed 
tomography 
SUV Standardized uptake value 
SUVmax Maximum standardized uptake value 
tAC Acquisition time 
TCP Tumour control probability 
TH Top-hat irregular volume 
TOF Time of flight 
Topt Optimum threshold 
TV Treated volume 
V True volume 
VCAT Volume and contrast adjusted thresholding 
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method 
VCAT27 Volume and contrast adjusted thresholding 
method using the mean of 27 voxels around 
the maximum activity concentration voxel 
VCAT27-60 Volume and contrast adjusted thresholding 
method using the mean of 27 voxels around 
the maximum activity concentration voxel 
and 60 min single calibration curve 
VCAT-60 or VCAT1-60 Volume and contrast adjusted thresholding 
method using 60 min single calibration curve 
VCAT9 Volume and contrast adjusted thresholding 
method using the mean of 9 voxels around 
the maximum activity concentration voxel 
VCAT9-60 Volume and contrast adjusted thresholding 
method using the mean of 9 voxels around 
the maximum activity concentration voxel 
and 60 min single calibration curve 
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Positron emission tomography (PET) is a molecular imaging technique that 
provides a direct and accurate evaluation of tissue function in vivo. PET of the 
glucose analogue 18F-fluoro-deoxy-glucose, is increasingly in use to aid in 
gross target volume delineation in radiotherapy treatment planning (RTP) 
where it shows reduced inter-observer variability. The aim of this thesis was 
to develop and investigate a new technique for delineating PET-GTV with 
sufficient accuracy for RTP. A new technique, volume and contrast adjusted 
thresholding (VCAT), has been developed to automatically determine the 
optimum threshold value that measures the true volume on PET images. The 
accuracy was investigated in spherical and irregular lesions in phantoms using 
both iterative and filtered back-projection reconstructions and different image 
noise levels. The accuracy of delineation for the irregular lesions was assessed 
by comparison with CT using the Dice Similarity Coefficient and Euclidean 
Distance Transformation. A preliminarily investigation of implementing the 
newly developed technique in patients was carried out. VCAT proved to 
determine volumes and delineate tumour boundaries on PET/CT well within 
the acceptable errors for radiotherapy treatment planning irrespective of 
lesion contrast, image noise level and reconstruction technique. 
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Chapter 1:                       
BACKGROUND 
1.1. Principles of Radiotherapy 
Radiotherapy (RT), or radiation therapy, is the technique that uses high-
energy ionizing radiation in the form of x-rays or gamma rays, or a beam of 
particles such as electrons or protons to treat diseases. Radiotherapy is an 
interdisciplinary field which draws on medicine, physics, mathematics, 
computer science, radiobiology, electrical and mechanical engineering. 
Radiotherapy has been in use for cancer treatments since the discovery of x-
rays in 1895 by Wilhelm Röntgen. However, radiotherapy has been 
dynamically advanced over the past 50 years in an extraordinary manner. Key 
milestones of this development are discussed in this section to understand 
how we have reached this treatment modality. 
1 
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A key development was the replacement of cobalt-60 and betatron 
treatment machines by linear accelerators (or linacs) between 1960 and 1980. 
Linacs are accurate treatment machines that can deliver different energies of 
electron and photon beams that are higher in energy and dose rate than that 
obtained from cobalt machines. This higher energy improved the treatment of 
deep tumours as well as reducing the dose absorbed on the skin due to the 
skin sparing phenomena. Modern computer-controlled linacs are 
comparatively reliable, compact and have a high mechanical accuracy. 
Another important milestone was the invention of x-ray computed 
tomography (CT). CT was introduced to radiotherapy at the end of the 1970’s 
as a tool to help in the diagnoses and the treatment planning of cancer. This 
resulted in 3D computerized treatment planning that now is a standard tool in 
all radiotherapy departments. With the subsequent invention of magnetic 
resonance imaging (MRI), and developments to register MRI images with CT 
the delineation of treatment planning target volumes was enhanced even 
further. 
The computer revolution had a tremendous impact on the development 
of radiotherapy. Computerised methods are now integral to each of the 
individual steps in the patient’s pathway from the treatment simulation 
through immobilization and treatment planning, to the treatment itself and 
verification during the treatment. The treatment simulation stage has 
benefited from the introduction of 3D virtual simulation whereby 3D images 
can be acquired and manipulated in the absence of the patient to decide on 
the beam entrance, isocentre localization, and calculation of the dose 
distribution. The application of complex computer techniques allowed the 
introduction of 3D dose calculation algorithms as well as improving the 
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accuracy of the available algorithms. This computer revolution also increased 
the accuracy of the treatment machines which translated into developing new 
treatment machines that could deliver a very small field size (< 4 cm) with a 
very high stability and accuracy. 
A more recent revolution in radiotherapy was the development of 
computerized multi-leaf collimators (MLCs). The MLC was first introduced to 
accurately tailor the treatment beams to spare the normal organs in a 
technique that is called 3D conformal radiotherapy. By the mid 1990s, the 
combination of 3D treatment planning and 3D conformal radiotherapy by 
MLCs led to a new technique called intensity modulated radiotherapy (IMRT). 
The development of the IMRT technique required a new treatment planning 
software, where the desired dose distribution is the input data and the output 
data are the beams sizes and directions. Because this treatment planning 
follows the opposite process of the previously established treatment planning, 
it was termed inverse treatment planning. The IMRT techniques improved the 
conformation to complex shaped tumours. 
From the beginning of this millennium, another evolving concept is 
biologically adaptive radiotherapy. Due to the advances in the understanding 
of tumour biology, the hypothesis that the tumour consists of homogenous 
concentrations of clonogenic cells is now out-dated and has been revised with 
the new understanding that the tumour consists of different types of tissue 
which have different levels of radio-sensitivity that could lead to radiotherapy 
success or failure. The introduction of single photon emission computed 
tomography (SPECT), positron emission tomography (PET) and functional 
magnetic resonance (fMRI) allow for differentiating between the tumour’s 
different cell’s types. The inclusion of this functional image data with other 
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treatment techniques, such as IMRT, will allow for delivering different 
radiation doses to each different cell type in order to control tumour growth. 
1.1.1. Types of Radiotherapy 
The goal of radiotherapy is to deliver an accurately measured high-dose of 
radiation to a particular region of tissue to kill cancer cells while sparing the 
normal tissues. Radiotherapy can be classified into two major types based on 
the delivery technique: teletherapy using external radiation beams, and 
brachytherapy using internal radiation from radioactive sources inside the 
body. External-beam radiotherapy uses a radiation source external to the 
patient, and some form of collimation to direct the radiation field to treat deep 
diseases, while brachytherapy is a technique whereby a radiation source is 
implanted directly within the body, or swallowed, to locally irradiate the 
disease area. Both radiotherapy techniques are used to treat a wide variety of 
diseases including cancer, thyroid disorders, some blood diseases and certain 
types of arthritis. Radiotherapy may be used for either curative or palliative 
treatments. 
1.1.2. Radiotherapy Treatment Planning 
The aim of treatment planning is to find a particular geometry where it is 
possible to deliver a radiation dose to cure or control tumour growth while 
minimizing radiation to surrounding normal tissues in order to minimize the 
side effects. Tumour control probability (TCP) and normal tissue complication 
probability (NTCP) are biological models that predict the treatment planning 
outcome in terms of both tumour control and consequent complication in 
normal tissue. Figure 1.1 shows a favourable treatment scenario where there 
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is enough separation between the TCP and NTCP to define a therapeutic 
window which will determine the prescribed dose. The shape and relative 
positions of the dose-response curves vary according to the radio-sensitivity 
of the tissues concerned, as well as details of the treatment regime such as 
the fractionation scheme. Fractionation is a technique where the total 
radiation dose is delivered not in a single treatment setting, but in a series of 
smaller fractions over a period of days or weeks, and is employed to allow cell 
recovery in normal tissues during the periods between fractions, hence 
reducing the NTCP. The success of the fractionation technique depends on 
normal tissue recovery having a higher rate than tumour cell recovery, 


























Figure 1.1: Dose response curves showing the tumour control 
probability (TCP) and normal tissue complication probability (NTCP) to 
demonstrate the therapeutical window. 
The International Commission on Radiation Units and Measurement 
(ICRU) has issued recommendations to standardise the methodology used to 
prescribe, record and report doses to volumes of interest. ICRU 50 [1] 
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introduced concepts and the terminology to aid standard definitions of dose 
distributions and treatment volumes. Some years later, ICRU 62 [2] was 
published as a supplement to ICRU 50, refining some of the recommendations 
in the light of developments in techniques for accurate target volume 
localisation and precise treatment delivery. 
Treatment planning starts by delineating the target volumes which are 
usually of two types: oncological and geometrical. Figure 1.2 depicts these 
different types of volumes. The gross tumour volume (GTV) and the clinical 
target volume (CTV) are purely oncological concepts independent of 
technology; however the internal target volume (ITV), planning target volume 
(PTV), treated volume (TV) and irradiated volume (IV) are geometrical 
concepts developed for the treatment planning process. The GTV is the 
volume that includes the visible or palpable malignant growth, and the CTV is 
the volume that contains the GTV plus subclinical microscopic malignancy. A 
margin that represents the physiological movements of the CTV, for example 
due to respiration, is added further to form the ITV. Additionally margins are 
added to the ITV to allow for the setup error of the treatment technique, and 
for the dose calculation accuracy, to form the PTV. Depending on the 
treatment technique, two further volumes can be identified. The TV is the 
volume that is enclosed by an isodose surface appropriate to achieve the 
purpose of treatment (radical or palliative); usually 90%. The IV is that 
volume which receives a significant dose to the normal tissue tolerance (i.e. 
50% target dose). 
In addition to these, the BTV is a volume that has been proposed by 
Ling et al. [3] (not the ICRU) which integrates physical and biological 
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conformity for the purpose of multidimensional conformal radiotherapy (MD-
CRT). This concept is discussed further in section  1.3 later in this chapter. 
Irradiated Volume (IV)
Treated Volume (TV)
Planning Target Volume (PTV)
Internal Target Volume (ITV)
Clinical Target Volume (CTV)
Gross Tumour Volume (GTV)
Biological Target Volume (BTV)
 
Figure 1.2: Schematic diagram showing the different target volumes 
recommended by the ICRU [1, 2]. 
1.2. Principles of PET 
Positron emission tomography (PET) is a powerful medical imaging modality 
that provides a non-invasive tool to investigate biochemical and physiological 
processes in vivo. Positron emitting radionuclides decay by emitting a positron 
particle which has the mass of an electron but with a positive charge. These 
radionuclides can be incorporated into particular molecule to form a 
radiotracer, the molecule being chosen to investigate a specific biochemical or 
physiological process. The common positron emitting radionuclides used for 
PET have half-lives varying from 1 to 110 minutes as listed in Table 1.1. 
Once the positron emitted, it travels a certain distance, called the 
positron range, before encountering an electron and undergoing annihilation. 
The positron range depends on the energy of the positron, which is specific to 
the nuclide. The positron range can vary from a few millimetres to over a 
centimetre giving rise to an uncertainty in detecting the location of the 
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positron emission, which results in an inherent limitation of spatial resolution 
in PET [4]. The positron-electron annihilation results in the emission of a pair 
of photons of energy 511 keV at approximately 180° to each other. These two 
photons are then detected by PET detectors to identify the positron decay 
location. This simultaneous detection of the photons is called a coincidence 
event of which there are several million during a typical scan. The line that 
connects the two detection points of the photons is called the line of response 
– LOR. These events are used to form a 3D representation of the activity 
concentration using image reconstruction techniques, as described below in 
section  1.2.3. 






Table 1.1: Half-Lives of common positron emitting radionuclides. 
To acquire a PET diagnostic scan, the patient receives an intravenous 
injection of a radiotracer solution or inhales a radioactive gas containing 
particular molecules labelled with a positron emitter. The blood circulates this 
radiotracer and distributes it throughout the body. The most commonly used 
PET radiotracer is 18F-fluoro-deoxyglucose (FDG) labelled with 18F which has a 
half-life of 110 minutes. FDG is chemically similar to glucose and is therefore 
actively transported into the cells by glucose transporters. Inside the cell the 
FDG is phosphorylated and then trapped for many hours as FDG-6-phosphate, 
see Figure 1.3. Cancerous cells produce energy at a higher rate than most 
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normal cells as described by Warburg [5]. Therefore, FDG will be taken up 
predominantly by cancer cells according to the greater level of energy 
required. However, not all cancer cells get their energy from glucose as will be 
demonstrated in section  1.4.1 later. For a PET diagnostic scan the patient is 
allowed to rest for about an hour after injecting the FDG to allow for this 
cellular uptake process. The distribution of the FDG on the PET scan then 

















Co2 + H2o +   Energy
 
Figure 1.3: Schematic diagram illustrating glucose and FDG metabolism. 
In addition to FDG, several other radiotracers have been proposed and 
investigated, with one of the positron emitting nuclides shown in Table 1.1 
being used to label specific ligands to study specific biological targets [6]. One 
example that has undergone extensive clinical investigation is the thymidine 
analogue 18F-3’-fluoro-3’-deoxy-thymidine (18F-FLT) which measures cell 
proliferation [7]. Table 1.2 presents a list of some of the radiotracers that 
have been used, along with their biological targets and measured effects, in 
the field of oncology [8]. 





Tracer Target Measured Effect 
18F-flurodeoxyglucose 
(18F-FDG) 









11C-choline, 18F-choline Phosphatidylcholine Membrane function 
1-11C-acetate Tricarboxylic acid cycle 




Activity of thymidine 
kinase-1 










Hydroxyl group in bone 
crystal 
Bone blood flow and 
osteoblastic activity 
Table 1.2: Different PET tracers for molecular imaging in medical 
oncology [8]. 
1.2.1. PET Scanners 
PET scanners (or PET cameras) consists of a set of detectors arranged is a 
certain geometry and surrounding the object to be imaged. PET scanners are 
designed to convert the high-energy photons resulted from the positron 
 Chapter 1                                                                                                                                Background 
47 
annihilation process into an electronic signal. This process is generally 
achieved by scintillation detectors and photomultiplier tubes (PMTs) where 
scintillation light from the scintillation crystals is detected by the PMTs. The 
annihilation photon of energy 511 keV interacts with the scintillator crystal 
either by photoelectric absorption or Compton scattering leading to cascade 
visible light photons. Many of these light photons are captured by the photo-
cathode of a PMT ejecting photo-electrons that then get accelerated and 
multiplied resulting in a short electric pulse. This signal is amplified further 
and fed to coincidence circuitry. When two signals from opposing detectors 
arrive in coincidence, or within the coincidence time-window, the circuitry 
records it as a coincidence event. These coincidence events are usually stored 
in the form of a sinogram. In the sinogram, each LOR is defined by the 
distance r (the perpendicular distance between the LOR and the centre of the 
scan field) and the angle Φ (the angle between r and the vertical axis of the 
field). 
PET scanner technology has been advanced significantly over recent 
decades, although the basic model of detecting the annihilation photons 
remains the same. The history of PET is characterised by the continuous 
pursuit for better sensitivity and spatial resolution. The early 1950 witnessed 
the birth of a primitive PET scanner that composed of two opposed sodium 
iodide {NaI(TI)} detectors. Despite the relatively crude nature of initial results 
of attempting to detect brain tumours, it encouraged further development to 
obtain a three-dimensional image by rotating the two opposed detectors [9]. 
Figure 1.4 shows a schematic diagram of the four most common PET 
detectors configurations for both single and block detectors as well as 
stationary and rotated rings. 











Figure 1.4: Schematic diagram illustrates the four common PET scanner 
configurations. A, stationary block ring system, B, rotating block ring 
system, C, stationary Nal(TI) system with a six flat detectors, D, 
stationary Nal(TI) system with a six curved continuous detectors. 
Adopted from [10]. 
It was obvious that increasing sensitivity was required at that time. 
Therefore, in the mid 1960’s a new hybrid scanner that increased sensitivity 
was developed. This device was consisted of two rows of nine detectors, each 
in coincidence with three detectors in the opposite row. This model was used 
for almost a decade until it was updated at the beginning of the 1970’s using 
2D detectors arrays as a single hexagon of detectors (Figure 1.4C). Significant 
advances made in the early 1980’s were achieved by using Bismuth 
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Germanate (BGO) scintallator as a detector and adding another hexagon of 
detectors next to the other one to increase the axial field of view (FoV). BGO 
has a higher stopping power than NaI(TI) which results in increasing 
sensitivity. Increasing the axial FoV also contribute to increased sensitivity. 
These two rings were axially collimated by lead septa to maintain simplicity in 
the reconstruction process and reduce the scattered and random events 
(described in section  1.2.2) however it reduces the total counts rate. 
The next major advance in PET technology was in the mid 1980’s by 
the development of the block detector [11], in which the scintillation crystal is 
cut into many elements and coupled to several PMTs, as well as, the 
development of position sensitive PMTs [12]. 
In early 1990’s, the PET scanners advanced to allow for 3D data 
acquisition where the collimation septa were removed so high count rate was 
detected. Although this 3D mode increased the sensitivity, it requires 
reconstruction algorithms that take into consideration the correction for 
scatter and random coincidence events. 
This millennium has witnessed developments in PET scanner mainly by 
introducing new scintillators such as lutetium oxyorthosilicate (LSO) that is 
faster and produces higher light than BGO. Also, significant improvements 
have made it possible to add the time-of-flight (TOF) technology to improve 
the PET image quality as well as to integrate other modalities with PET in a 
multi-modality imaging such as PET/CT and PET/MR. The image quality can be 
enhanced further by confining the annihilation position along LORs using the 
TOF information. The position can be estimated by determining the difference 
in the arrival times of the pair of photons in opposite detectors which will 
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increase the accuracy of measuring the annihilation position. This accuracy 
can be translated into a dose reduction or shorter imaging time [13, 14]. 
Today, most PET scanners are offered in tandem with a CT scanner 
which can be considered as an independent imaging device. The CT 
component provides complementary data to more accurately localize 
functional abnormality and to correct for attenuation. This multi-modality 
device enables the combination of the functional information from the PET 
with the anatomical information from the CT in form of fused or co-registered 
PET/CT images. The advantages of the multi-modality imaging lead to 
combine the PET scanners with magnetic resonance (MR) which rely on 
completely different physical principles. The development of PET/MR is quite 
challenging. The two main obstacles in combining the PET/MR is that the PET 
detectors need to be able to operate in the presence of a magnetic field and 
the limited space within the narrow MR tunnel which impose constrains on the 
PET detectors size [15]. 
1.2.2. Types of Coincidence events 
A true coincidence occurs when the two annihilation photons originating from 
the same positron decay have not changed in direction or lost energy, and are 
detected at within a very short allowable known time known as the 
coincidence window. However, other types of events also occur, namely 
scatter and random coincidences, as shown in Figure 1.5, which contribute to 
the total coincidence rate. Some of these are detected and contribute to the 
total count rate, with a degrading effect on the image. Methods for correcting 
these are applied. 





Figure 1.5: Illustration of the main types of coincidence events. The 
patient cross-section (light-pink) is shown inside the detector ring of a 
PET scanner (grey). The red line represents the direction of the 
annihilation photon and the black dotted line represents the LOR. 
 
 
A scatter coincidence event occurs when one or both annihilated 
photons are scattered inside the patient and are detected within the time and 
energy limits of the coincidence window. The scatter fraction (SF) represents 
the ratio between the scattered and total coincidence rates. The SF is not 
dependent on the amount of activity within the FoV, but is dependent on the 
type of material responsible for the scattering process and increases with the 
size of the object (or patient). There are different approaches for estimating 
and correcting scattered coincidences. These approaches can be broadly 
divided into four main methods: empirical approaches [16], methods based 
on two or more energy windows [17, 18], convolution methods [19, 20] and 
methods which model the scatter distribution during forward projection based 
on knowledge of tissue densities (or attenuation coefficients) in the body and 
an initial estimate of the scatter-free image [21, 22]. 
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A random coincidence event occurs when two annihilated photons from 
two different annihilation processes are detected within the coincidence 
window, and therefore appear as simultaneous to the PET scanner. The 
probability of the random coincidence increases with the size of the patient, 
because this increases the probability of one annihilation photon being 
attenuated completely. In the absence of detector dead time, the rate of 
random coincidence increases as the square of radioactivity within the field of 
view. Random coincidence increases with increasing the width of the energy 
window as well as the coincidence timing window and increasing the activity. 
Efforts have been made to minimize the random events by suing faster 
electronics and shorter time window; however, still further corrections are 
needed to improve the image contrast. A common correction technique is to 
employ two coincidence circuits, one with the standard time window (e.g. 
6ns) and another with a delayed time window using the same energy window. 
The counts in the standard time window include both the random and true 
events, whereas the delayed time window contains only the random events. 
Thus, correction for random events is made by subtracting the delayed 
window counts from the standard window counts. 
1.2.3. PET Image Reconstruction 
PET reconstruction algorithms can be divided into two main types: analytical 
and iterative. 
The most common analytical reconstruction algorithm is filtered-
backprojection (FBP). The backprojection reconstruction techniques start by 
defining an image matrix (e.g. 128×128 pixels). For a detected LOR, a line is 
drawn between the two detectors and through the predefined image matrix. 
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The number of detected counts is added by a weighting factor proportional to 
each pixel that is intersected by the line path-length. The weighting factor is 
larger if the line passes across the centre of the pixel and smaller if the line 
passes through the corner of the pixel. This process is repeated for each 
detected LOR with adding counts to counts that have been backprojected from 
preceding detected LOR. A simple backprojection like this, results in a blurred 
image and places counts outside the object boundaries. To overcome these 
limitations, the Fourier theorem is used to relate the measured projection 
data from the sinogram with the activity distribution (i.e. the true image) 
using the Fourier transformation. A better approach is to modify the original 
sinogram by applying a ramp filter before backprojection, hence it is called 
filtered backprojection – FBP, and this is now the standard method. The ramp 
filter can be modified to improve the signal to noise ratio (SNR). Statistical 
noise, arising in the reconstructed image due to the Poisson statistical nature 
of the radioactive decay process, has a uniform contribution across the image. 
Reduction of the statistical noise and improvement in SNR can be achieved by 
rolling off the ramp filter at frequency smaller than the maximum frequency. 
Iterative reconstruction techniques model the data collection process 
and attempt, in a series of iterations, to find the image that is most consistent 
with the measured data. Iterative reconstruction techniques were originally 
found to have less clinical use compared with FBP mainly due to the intensive 
computation required. However, as computer speeds continued to improve, 
these techniques now have more widespread clinical use. The basic idea 
behind iterative reconstruction techniques is to start with an initial guess of 
the image such as a uniform image. The next step is to calculate what 
projection data would be measured from the initial guess, a process called 
forward-projection which is typically the inverse of backprojection. Then this 
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projection data is compared with that corresponding to the true image using a 
function called a cost function. Obviously, there will be poor agreement 
between the initial guess and the true image. Based on the difference 
between the true and guessed projection data, the initial image is adjusted. 
Then the whole process is repeated while the estimated image starts to 
converge toward the true image until the estimated image closely matches 
the true image. 
1.3. Potential Advantages of Using PET in Radiotherapy 
Treatment Planning 
FDG is the most commonly used tracer in PET for radiotherapy treatment 
planning (RTP) [23]. FDG-PET has been used to assist with target volume 
delineation in RTP in patients, most commonly for non-small cell lung cancer 
(NSCLC) [24-30] and head and neck cancer [31-35], but also in cervix [36-
38], oesophagus [39], lymphoma [40], rectum [41] and glioma [42]. 
PET has several advantages over other imaging modalities for cancer 
patients. Many forms of cancer become systematic, and the whole body PET 
scan provides a way to monitor the extent of the disease in a single setting. 
Moreover, because biochemical changes in the tumour occur before 
morphological changes, PET has the potential to detect disease earlier than 
morphological imaging modalities such as computed tomography and 
magnetic resonance imaging [43]. The use of FDG-PET images in radiotherapy 
treatment planning has been shown to decrease the intra- and inter-observer 
variation in delineating target volume [44, 45]. PET also offers two important 
features that could be used to improve the quality of radiotherapy treatment 
planning: (i) the effect of movement of the tumour, and (ii) the regional 
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variation of specific uptake within the tumour using positron-emitter labelled 
biomarkers to undertake molecular imaging of biological parameters such as 
hypoxia, angiogenesis, proliferation and apoptosis. 
Many authors [45-47] have considered the effect of movement in the 
PET images to be a disadvantage. It could be considered as a drawback 
regarding the image quality due to the blurring effect at the target boundaries. 
However, it can be advantageous to predict tumour volume movements 
during normal respiration which occurs during a PET study. Therefore, using 
PET images to generate target volume is not a process of generating the 
gross target volume (GTV); rather it generates the internal target volume 
(ITV) as it considers the internal movement of the target [48, 49]. 
Ling et al [3] proposed the new concept of biological target volume 
(BTV) and multi-dimensional conformal radiotherapy (MD-CRT) which 
integrate the physical and biological conformity. The ability of intensity 
modulated radiotherapy (IMRT) to deliver a non-uniform dose pattern offers 
the ability of “dose painting” or “dose sculpting” which improves the physical 
conformity. On the other hand, the improvements of the functional images 
lead to the identification within a tumour of different biological areas 
representing hypoxia, tumour burden, and tumour growth, which can be 
individually targeted by radiotherapy. Some of these areas were considered a 
reason for radiotherapy failure such as the hypoxic region because it is 
radioinsensitive and needs higher radiation dose in order to be treated. By 
combining those two concepts, improvement in physical and biological 
conformity could be achieved. 
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1.4. Technical Issues Concerning The Use of FDG-PET 
Images in RT Target Volume Delineation 
1.4.1. Lack of Specificity of FDG Uptake 
Malignant tumours have a high metabolic rate and therefore take-up a higher 
amount of the FDG, which is a trapped tracer of glucose metabolism, than 
surrounding normal tissues. 
However, not only tumour cells exhibit an increase of FDG uptake but 
also some inflammatory tissues such as occur in post-operative healing, and 
post radiotherapy [50, 51]. Many papers have shown that lesions with a high 
concentration of inflammatory cells show an increase in FDG uptake, which 
appears to increase the total tumour burden compared to that obtained from 
CT [52]. Using a tumour mouse model, Kubota et al. reported that 29% of 
FDG uptake was related to non-tumoural tissues [53]. In addition, FDG can 
accumulate in infected cells, whether acute or chronic such as tuberculosis 
[54], granulomatous diseases such as sarcoidosis [55], and autoimmune 
diseases such as Grave’s disease [56]. 
Also, not all malignant tissues are avid to FDG. Tumours such as 
carcinoid, broncho-alveolar cancer, and mucinous adenocarcinoma have 
normal levels of glycolosis and are therefore not distinguishable by FDG-PET 
from normal surrounding tissues [52]. 
1.4.2. Image Artefacts 
The main sources of these artefacts in PET images are due to scatter 
correction limitations, patient movement and emission-transmission scan 
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misalignments. However, the main reason for the image artefacts in PET/CT 
arises from the use of CT for attenuation correction of the PET images. These 
image artefacts are most commonly due to metallic implants, contrast 
medium, truncation and respiratory motion [57]. 
Metallic implants such as dental fillings, hip prosthetics or 
chemotherapy ports and contrast media such as iodine or barium sulphate 
result in high CT number (Hounsfield number). This increase in CT numbers 
results in correspondingly high PET attenuation coefficients, which lead to an 
overestimation of PET activity in that region and thereby to a false-positive 
finding [58]. Truncation artefacts in PET/CT are due to the difference in the 
size of the field of view (FoV) between the CT (Smaller) and the PET (larger) 
systems. These artefacts are frequently seen in large patients or patients 
scanned with arms by their side [59, 60]. Furthermore, respiratory motion 
produces artefacts due to the discrepancy in the chest position between the 
CT and PET images: because PET images are acquired during a long period 
while the patient is freely breathing, the final image is an average of many 
breathing cycles, whereas CT images are acquired during a very short time, 
usually while the patient’s thorax is not moving during a breath hold. 
Although the above image artefacts are potentially resolvable, the 
methods used can be time consuming and require more complex data 
processing. For example, many methods have been suggested to reduce or 
correct metallic and contrast artefacts [61-63]. These methods include 
generating a virtual sinogram from the affected CT images by forward back 
projection, segmenting the metallic or contract region from the CT images and 
then forward back projecting the metal only image to generate the metal only 
sinogram. The last is subtracted from the first and the missing projections are 
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replaced by interpolation from neighbouring data. Also, many authors have 
developed methods for correction of truncation artefacts [64-66]. A successful 
approach to removing truncation effects is to extrapolate the CT images 
outside the original FoV and hence produce a truncation free CT image. The 
respiratory motion artefacts can be overcome by using gated PET [67, 68] or 
4D PET/CT [69]. 
1.4.3. Partial Volume Effect 
The accuracy of PET for measuring regional activity is limited by the partial 
volume effect (PVE) [70]. The PVE for any PET system originates from the 
limited spatial resolution of an imaging system and is primarily due to two 
main phenomena: the point spread effect and the tissue fraction effect [71]. 
The point spread effect occurs because an imaging system has a limited 
spatial resolution so that a point in the object is spread out and appears larger 
in the image. Spatial resolution is usually expressed as the full width at half 
maximum (FWHM) of a Gaussian profile obtained when an object much 
smaller (less than half) than the system’s resolution is imaged. 
The direct consequence of the point spread effect is the loss of signal 
for structures with diameter smaller than about 2 to 3 times the system’s 
spatial resolution [70]. This point spread effect can be characterised by 
measuring the point spread function (PSF) of the scanner [71, 72]. A 
correction factor, called the recovery coefficient (RC), then needs to be 
applied to recover the signal loss. The RC is defined as the ratio between the 
observed and true radioactivity concentration of the object and is influenced 
by the positron energy, detector spacing, object size and the mode of image 
reconstruction. The RC is 1 for large objects greater than several FWHM, 
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which for a modern PET scanner corresponds to > 4cm in diameter, and for a 































Figure 1.6: Schematic plot shows the maximum pixel recovery 
coefficient for different spheres diameters. 
The tissue fraction effect causes one region’s activity (the background) 
to spillover into the neighbouring regions. This effect refers to the underlying 
sub-resolution heterogeneity within the region of interest (ROI) which is un-
resolvable by the scanner. In general, correction for this effect requires 
additional prior knowledge, for example from an adjunct MRI scan with 
intrinsically higher resolution enabling determination of the appropriate tissue 
fractions [70]. Most commercial PET systems now are offered with the option 
of resolution modelling sometimes also referred to as point spread function 
(PSF) reconstruction. This reduces the partial volume effect. 
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1.5. Overview of The Thesis 
1.5.1. Project Aims 
The main aim of this PhD thesis was to develop the use of PET/CT images for 
the use in radiotherapy treatment planning which have the potential to 
improve the accuracy of target volume delineation in radiotherapy. This 
included developing new thresholding techniques to accurately delineate the 
PET tumour volume. The primary objective was not only to develop and 
implement the new methods, but also to investigate their accuracies in more 
irregular shaped phantoms and then applying them to head and neck as well 
as lung patients. 
This work forms the first step towards biologically adapted 
radiotherapy and may serve as a platform for developing these methods in 
different centres and also for further studies. Specific contributions can be 
summarized as follows: 
• Study of the variations and correlations between the optimum 
threshold, true volume and observed contrast. 
• Develop a semi-automated PET thresholding technique with two 
variants that accurately segments the true PET volume and compare 
the results with an established fixed thresholding technique. 
• Develop phantoms to simulate irregular tumour volumes and 
investigate the use of the new segmentation technique in delineating 
their boundaries and volumes. 
• Establish a concept of acceptable error of any segmentation technique 
tolerable for the purpose of radiotherapy treatment planning. 
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• Assess not only the accuracy of volume determination by the 
segmentation techniques, but also the similarity of lesion boundary 
outline and its location. 
• Study the impact on the new technique of defining the maximum 
lesion uptake. 
• Carry out preliminary patient evaluations using the newly developed 
techniques in comparison with the current best practice, which is 
manual delineation by an experienced radiologist as well as with 
manual delineation by the clinical oncologist. 
1.5.2. Structure of The Thesis 
Following this introductory chapter, chapter 2 contains a review of different 
segmentation techniques concentrating on techniques applicable to PET. 
Chapter 3 describes original work to develop and validate new PET 
thresholding segmentation technique. The results of investigating the 
accuracy of the new techniques in both spheres and irregular volumes are 
presented in chapter 4. Chapter 5 deals with the impact of determining lesion 
uptake in different ways on the new technique. The application of the 
techniques in head and neck and lung patients is presented in chapter 6. 




Chapter 2:                       
SEGMENTATION OF RADIOLOGICAL 
MEDICAL IMAGES 
2.1. Introduction 
The medical imaging modalities of computed tomography (CT), magnetic 
resonance imaging (MRI), ultrasound (US), single photon emission computed 
tomography (SPECT) and positron emission tomography (PET) are frequently 
used nowadays to provide key information to assist with the diagnoses, 
treatment planning and follow-up of individual patients in a wide range of 
diseases. Sometimes these imaging modalities are complementary rather 
than independent. For example, MRI, which is dependant on tissue water 
content, does not produce a good quality image for assessing bony structure, 
whereas CT, which is dependent on tissue attenuation of X-rays, is often 
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unsuitable for differentiating soft tissues which have similar levels of 
attenuation. 
Segmentation is the process of dividing an image into regions, also 
called clusters, subsets, or classes, that share one or more particular 
characteristics or features. Soft segmentation allows these regions to overlap 
and hard segmentation produces nonoverlapping regions. An experienced 
radiologist can gain much information by visualizing each individual image, 
but segmentation may be able to additionally extract information of a 
quantitative nature. Because segmentation techniques depend on some 
characteristic of the image, there is no single segmentation technique that 
can be usable across all imaging modalities since for each the image 
formation process relies on different bio-physical mechanisms. 
In the course of this project segmentation techniques on PET/CT have 
been developed to guide target volume delineation for the purpose of 
radiotherapy treatment planning (RTP). The quality of RTP depends on the 
accuracy of segmenting the organs at risk (OAR) and the gross tumour 
volume (GTV). The standard imaging modality for RTP is CT where the image 
is a map of tissue X-ray attenuation in Hounsfield units, and this allows 
accurate dose distribution calculations. However, the CT data relates to the 
anatomical distribution of tissues rather than information on the functional 
status. As a result, when undertaking post-therapy monitoring CT, it is not 
always possible for CT to differentiate between the different tissue types of 
residual tumour, fibrosis or a recurrence. A functional imaging modality such 
as PET is able to offer new information to help establish a more definitive 
differential tumour diagnoses. 
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2.2. Methods of Segmenting Radiological Medical Images 
Segmentation of radiological medical images is typically achieved by either 
identifying all pixels or voxels that belong to an object or determining those 
that form its boundary. Therefore most segmentation techniques are based on 
one of two fundamental properties of digital images: (i) the discontinuity 
between regions in an image to detect isolated points, edges and contours, or 
(ii) similarities within regions to separate the image into distinct regions of 
coherence [73]. 
There are many segmentation techniques that have been proposed 
and used in different modalities. Most of these techniques can be summarized 
into six main approaches: 
♦ Subjective visualization segmentation 
♦ Thresholding segmentation 
 Adaptive thresholding 
 Fixed (simple) thresholding 
 Source/background thresholding 
♦ Edge-based segmentation 
 Edge detection operators 
 Gradient-based approaches 
♦ Region-based segmentation 
 Region growing 
 Watershed algorithms 
♦ Deformable models 
 Active contour 
♦ Fully-automated segmentation 
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 Adaptive fuzzy c-means (AFCM) 
 Fuzzy locally adaptive Bayesian (FLAB) 
These segmentation techniques will be discussed in detail in the 
following sections. 
2.2.1. Subjective Visualization Segmentation 
The subjective visualization technique is the first and simplest approach that 
allows manual drawing or delineation onto the radiological medical images 
using the computer pointer, usually a mouse. This technique is carried out on 
each 2D slice through the object of interest, and records the vertices at each 
mouse click and a straight or spline-fit line is drawn between each consecutive 
vertex to form a boundary. Alternatively, continuous sampling can be made of 
the mouse position to track a free-hand boundary. Voxels at this boundary 
and inside it are considered the segmented object. A surface triangulation 
algorithm is then applied to generate a surface mesh that represents the 
segmented volume in 3D. 
The PET image has been used to aid in target volume delineation in CT 
images using the subjective visualization approach by comparing it with the 
corresponding co-registered CT image. Ciernik et al [74] have compared the 
variation in GTV size between using CT alone and co-registered PET/CT 
images. This study included 39 patients with various solid tumour diseases 
including head and neck, lung and pelvic cancer. The results showed that the 
GTV is significantly changed when incorporating the PET information, with a 
decrease in inter-observer variability. The study concluded that volume 
delineation is more consistent between observers when using PET/CT 
combined than CT alone. 
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Nishioka et al [75] studied the use of image fusion between PET and 
MRI/CT for better target delineation in radiotherapy planning of head and 
neck cancers. They reported that normal tissue sparing was more easily 
achieved due to clearer GTV and CTV determination on the fusion images. 
Moreover, after 18 months follow-up, no recurrence occurred in the CTV 
defined with PET assistance except for 1 patient (out of 12 patients) who 
experienced nodal recurrence in the CTV and simultaneous primary site 
recurrence. This preliminary study showed that image fusion between PET and 
MRI/CT was useful in GTV and CTV determination in conformal RT, and could 
improve sparing of normal tissues. 
The subjective visualization segmentation approach has the limitations 
that it is time-consuming and depends critically on the user’s skills. Caution 
must also be taken when segmenting irregular and complex volumes, where 
there are gaps and holes within the contours. 
2.2.2. Thresholding Segmentation 
Thresholding is the most widely used segmentation method [76], whereby 
regions are generated by binary partitioning of the image voxel intensities. 
The segmentation is achieved by identifying all pixels or voxels with 
intensities greater than the threshold value, and the rest of the image is 
marked as background [77]. The result of the thresholding segmentation is 
usually a binary image with all target segmented voxels given a value of 1 
and all background voxels given a value of 0. 
Different strategies have been used to determine the optimum 
threshold value, including use of a fixed (simple) threshold value, an adaptive 
threshold value or source/background thresholding algorithms. Such threshold 
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values could be based on the image histogram or other local properties, such 
as the maximum activity concentration in the tumour, or, for PET, the 
standardized uptake value (SUV). 
2.2.2.1. Adaptive thresholding 
Studies have demonstrated that the selection of the threshold value depends 
on the size, shape, and contrast of the organ of interest [76, 78]. It has been 
shown that when a-priori knowledge of the size, shape, and contrast of the 
lesion is available, threshold levels can be more precisely determined for 
improved accuracy. 
Erdi et al [76] developed an automatic image segmentation schema to 
determine the volume of interest (VoI) of metastases to the lung from PET 
images, under conditions of variable background activity. By estimating the 
lesion size from CT and determining the signal to background ratio (S/B) from 
PET, the appropriate optimum threshold could be calculated. The adaptive 
thresholding method was successfully applied to a small group of patients 
using a priori information about the tumour size from the CT. In the authors’ 
opinion, this establishes PET with CT-guided adaptive thresholding method as 
a potentially accurate method for estimating lesion volume in macroscopic 
disease. 
2.2.2.2. Fixed (simple) thresholding 
It has been found that if CT data is not available to initially estimate a priori 
lesion volumes, a fixed threshold of 36 to 44% (commonly 40%) of the 
maximum uptake results in a VoI that accurately predicts the true lesion 
volume for lesions larger than 4 ml [76]. This technique requires 
measurement of only the S/B value from the PET image, and a prior 
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calibration of threshold versus S/B for the PET scanner, over the range of 
imaging conditions encountered clinically. However, for smaller volumes (< 4 
ml), fixed threshold levels may overestimate the volume by an amount that 
depends on the S/B ratio. 
Biehl et al [79] have used different fixed SUV thresholds to determine 
which SUV value produced the most accurate tumour volume. The authors 
investigated different thresholds from 15 to 50% of the maximum SUV 
(SUVmax) and applied this in a series of patients with peripheral non-small cell 
lung cancer (NSCLC). They found that the optimal threshold was inversely 
correlated with the CT-determined GTV (R2 = 0.79, P < 0.0001), and that 
there was no single threshold value that could accurately measure the PET 
volume. It concluded that the good correlation of the optimal threshold with 
the CT-determined GTV warrants further investigation. 
2.2.2.3. Source/background Thresholding Algorithms 
Source/background (S/B) algorithms are considered as a semi-automated 
approach that involve scanner calibration with a phantom, and are 
implemented without a priori information of the size of the volume of interest. 
As developed by Erdi et al. [80], this approach starts by deriving the 
relationship between the true volumes of uniform spheres and the optimum 
threshold for various S/B ratios. Daisne et al. [81], however, derived the 
relation between optimum threshold and S/B. 
Jentzen et al [82] described an iterative thresholding method (ITM) 
where an iterative algorithm searches for the optimum threshold value based 
on the S/B of the VOI drawn around the lesion. This method employed 
phantom calibrations for two different tracers (18F and 124I), and was applied 
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to phantoms and patients with different disease sites, including lung, head 
and neck, and gastrointestinal carcinoma. Significant limitations were found 
with inaccuracies of predicting smaller, larger, and inhomogeneous volumes. 
Also, errors associated with lesion masses moving during data acquisition 
were not taken into account. 
2.2.3. Edge-Based Segmentation 
Edge-based segmentation techniques rely on the gradient in image data at 
the borders of the image structures as the pixel values change rapidly at the 
boundary between two different regions. 
2.2.3.1. Edge detection operators 
There are many ways to perform edge detection which usually require 
calculation of convolutions. The two most widely used techniques for edge 
detection are the Sobel gradient method [83] and the Laplacian second 
derivative approach [84]. The Sobel method detects the edge by searching for 
the minimum and maximum in the first derivative of the image, while the 
Laplacian method detects the edge by searching for the zero crossing in the 
second derivative of the image. 



















Figure 2.1: Edge detection using Sobel and Laplacian operators. The 
original image represents the IEC image quality phantom for contrast 
equal to 3. The colour scale bars are in kBq/ml. 
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Figure 2.1 shows the results of applying a pair of 3×3 Sobel masks to 



































The Laplacian edge detection technique uses a single 3×3 mask in both x and 


















This technique is very sensitive to noise as is evident in Figure 2.1. 
2.2.3.2. Gradient-based Approaches 
For the gradient-based approach, the boundaries of a region are given by 
peaks in the gradient intensity. The method works well for MRI and CT where 
the images have relatively  low statistical noise, but it has been also explored 
for PET by Geets et al. [85] after the images have undergone processing to 
reduce the noise. In this study, a better estimation of the gradient intensity 
was achieved by denoising and deblurring the iteratively reconstructed PET 
images with an edge-preserving filter and a constrained iterative 
deconvolution algorithm. This gradient method was validated first on a 
computer-generated 3D phantom with spherical lesions, and then on a 
cylindrical Lucite phantom containing spheres ranging in size from 2.1 to 92.9 
ml. 
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Geets found that the gradient-based approach underestimated 
volumes in simulated data by 1.3 – 10% for large and small volumes 
respectively; the corresponding results on real phantom lesions was found to 
be 10 – 20%. Geets applied his method to laryngeal tumours from seven 
patients and compared his results with those obtained following surgical 
resection, and the S/B algorithm employed by Daisne et al [81]. This 
comparison reveals that neither the threshold-based nor the gradient-based 
method could measure the volume of the laryngeal specimens with sufficient 
accuracy. However, the gradient-based method proved to be more accurate 
than the threshold-based method. 
2.2.4. Region-Based Segmentation 
An alternative to defining the lesion by delineating its edges is to use a 
region-based segmentation approach whereby the whole continuous lesion is 
identified. The first region-based segmentation technique to be developed was 
the split and merge algorithm [86] which starts by assuming that the entire 
image is a single region and then deciding whether the homogeneity criteria is 
achieved within this region or not. If not, the image is divided into four 
smaller squares and the process is repeated on each square until no further 
subdivision is necessary. The resulting regions are then merged to form the 
segmented object. Two other region-based segmentation techniques, region 
growing and watershed are presented in this section. 
2.2.4.1. Region growing 
Region growing is a segmentation technique for extracting an image region 
based on some predefined criteria based on parameters such as pixel intensity 
or the edge information in the image. Region growing, also called region 
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merging, starts by defining a pixel or group of pixels called seeds that belong 
to the region of interest. The seeds can be chosen manually or automatically 
by a seed finding programme. Neighbouring pixels are examined one by one 
and grouped to the growing region if they are sufficiently similar to the seed 
based on a uniformity test. This process continues until no more neighbouring 
pixels can be added according to the predefined criteria. 
Confidence connected region growing (CCRG) is a region growing 
technique that was presented by Day [87] to segment PET positive regions. 
This method initiates by measuring the mean and the standard deviation of a 
sub-region surrounding the maximum intensity pixel. The decision of 
connecting the neighbouring pixels or not is based on a criterion that they 
have to be greater than a value derived from the mean and standard 
deviation of the region. The process is then repeated after measuring the 
mean and the standard deviation of the new region. The CCRG method was 
evaluated in a series of 18 patients who received radiotherapy. The 
segmented volumes derived using CCRG were compared with volumes 
determined by fixed thresholds of 2.5 SUV and 43% of SUVmax, and also with 
manually segmented volumes. CCRG provided the best results with a mean 
difference of 9% (range from 1% - 27%). 
2.2.4.2. Watershed algorithms 
Watershed is also a region-based segmentation technique which was first 
introduced by Digabel and Lantuejoul for image segmentation in 1977 [88]. 
The main idea of this segmentation technique came from geography where 
any grayscale image can be considered as a topographic surface with the 
altitude of each point represented by the pixel intensity. Let us imagine a 
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stream of water is running into this landscape topology under gravity causing 
pools to collect in the low basins. The water will fill up these small basins and 
start to spillover into neighbouring larger basins. This process will continue 
until the waters reach the highest peak in the landscape. This will end by 
dividing the landscape (or image) into large basins (or regions) separated by 
hills and ridges (or watersheds). 
Watershed algorithms have been used to segment the noisy 
transmission PET scan to reduce the scanning time [89] as well as segmenting 
PET positive volumes for the purpose of RT target volume delineation [90]. In 
the latter study, a watershed algorithm using PET image characteristics was 
developed and implemented in both homogeneous and heterogeneous 
phantoms. This method starts by the user placing markers on the regions of 
interest and the background. The method is then considered as a topographic 
surface and simulates a flooding from each marker and preventing the 
merging the water coming from different sources. The percentage error in 
determining the PET volumes, which were greater than 4ml, using this 
watershed technique reached 52%. 
2.2.5. Deformable Models 
The pioneering work of Terzopoulos et al. [91] in 1988 introduced the concept 
of  deformable models which draw on geometry, physics and approximation 
theory. The name “deformable models” is derived from the physics of 
elasticity theory, within a Lagrangian dynamics setting. The physical 
interpretation of the deformable models is an elastic body that respond 
naturally to applied forces and constraints. 
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2.2.5.1. Active contour 
The active contour model, commonly known as snake , was first introduced in 
1987 by Kass et al. [92]. The snake is a parametric curve defined within the 
image domain where its behaviour and properties are specified by an energy 
function. This parametric curve is allowed to deform under the influence of 
external force or energy. The snake attempts to minimize that energy 
associated with the parametric curve as a sum of internal and external energy. 
The snake evolves in a way that is determined by the sum of different types 
of velocities that act perpendicularly to each point of the snake curve. Some 
of these velocities are image-dependent while others depend on the shape of 
the snake. The movement of a point on the snake curve is determined by the 
sum of the velocities at that point. The process iterates until the energy 
minimization criterion is achieved. The internal energy is minimum when the 
snake shape is similar to the object, and the external energy is minimum 
when the snake is at the object boundary. 
For 3D segmentation, snake models are applied slice by slice where 
the fitted contour in one slice has been taken as the initial contour in the 
neighbouring slice [93]. The snake method has also been extended to 3D by 
deforming surfaces instead of curves in a technique known as balloon 
segmentation [94]. Active contour models have the potential to be used in 
real-time analysis of shapes in motion. 
El Naqa et al [95] attempted to segment a biophysical structure 
volume using the active contour model in multimodality images including PET, 
CT and MRI. They investigated a method to take advantage of all imaging 
modalities for radiotherapy treatment planning by segmenting the target 
volume using an active contour on each modality and combining the results. 
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The resulting volume error in phantoms was 1.28 ± 1.23%. This method was 
demonstrated in two patients with PET modality and showed the accuracy and 
the potential of using concurrent multimodality segmentation. 
2.2.6. Fully-Automated Segmentation 
All the previously mentioned techniques involve interaction from the user to 
some degree. A number of approaches have been described which are entirely 
automated, of which, the adaptive fuzzy c-means and fuzzy locally adaptive 
Bayesian will be presented here. 
2.2.6.1. Adaptive fuzzy c-means (AFCM) 
Clustering is a segmentation technique that relates to the similarity property 
of digital images. Clustering is the process of partitioning the image into 
subsets called clusters so that the data in each cluster share some common 
characteristic. Fuzzy c-mean clustering (FCM) developed by Dunn in 1973 
[96] and improved by Bezdek in 1981 [97] is the most widely used clustering 
technique. The FCM clustering attempts to partition the image into a collection 
of c clusters in which each point within these clusters belongs to two or more 
clusters with varying degrees of membership instead of belonging to just one 
cluster. Thus, points at the edge of a cluster belong to lesser degree to that 
cluster than points in the cluster centre. However, the hard c-means (HCM) 
algorithm, also known as K-means, attempts to partition the image in which 
each point belongs to a single cluster. The FCM algorithm suffers from long 
computational time and sensitivity to the noise level and the initial guess, 
however there have been several attempts to improve its accuracy[98]. 
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A new fuzzy c-means algorithm called adaptive fuzzy c-means 
algorithm (AFCM) has been developed [99] to reduce the errors associated 
with inhomogeneity within the image by simultaneously compensating for 
these inhomogeneities. The AFCM is an unsupervised clustering technique that 
iteratively clusters the image by minimizing the objective function and 
produces a fuzzy membership function that ranges between zero and one 
which reflects the degree of similarity. 
2.2.6.2. Fuzzy Locally adaptive Bayesian (FLAB) 
The fuzzy algorithms have been developed and implemented specifically for 
PET, as the Fuzzy Locally Adaptive Bayesian (FLAB) technique [100, 101]. 
FLAB is a segmentation model that takes place in the Bayesian framework of 
statistics to estimate the probability a voxel to be classified as part of the 
tumour or part of the background. Bayesian based image segmentations were 
shown to be less sensitive to noise rather than other segmentation techniques 
due to statistical modelling. This technique offers an unsupervised estimation 
of the parameters needed for the segmentation and limit the user’s input. 
The performance of the FLAB model was compared with other 
segmenting methods such as thresholding (fixed 42% and adaptive 
thresholding) and FCM [100]. The results showed that FLAB is better than 
these other methods especially for small volumes (down to 13mm, ~9.2 ml) 
where the error was 5-15%. In non-spherical and non-uniform volumes 
simulated from three different patient lung lesions with diameters 41, 29 and 
15mm, and contrast ratios of 6:1, 5:1 and 2:1 respectively, the FLAB method 
produced errors less than 10%. 
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2.3. Evaluation of Volumetric Measurements 
Among all the previously presented segmentation techniques, the percentage 
error in volume was the only measure employed to assess accuracy, without 
any indication of what magnitude of error would be acceptable for clinical use. 
Also, the intention in the previously cited publications was merely to obtain 
the absolute volume size without investigating other details such as the shape 
and location of the segmented volume. In this thesis, methods for defining 
the acceptable error, correctness of shape and location are introduced in the 
following sections. 
2.3.1. Acceptable Error 
The main focus of this thesis is the delineation of PET tumour for the RTP. It is 
therefore rational for the accuracy of this delineation to correspond with the 
accuracy that is acceptable for RTP. In treatment planning and according to 
ICRU reports 50 and 62 [1, 2], a ±2mm error in distance measurement is the 
acceptable limit for defining the tumour boundary. This ±2mm distance can 
be translated to an error in volume which will be dependent on the original 
volume size, as shown in Figure 2.2. Therefore the concept of an acceptable 
error, EA, for the purpose of tumour segmentation intended for RTP can be 
defined using this criterion. 
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Figure 2.2: The basis of an acceptable error for the purpose of treatment 
planning. 
Thus, in measuring the volume Vr of a sphere with radius r, compared with 
another sphere with radius r±2 mm, the acceptable error, EA, can be given by 
equation (2.1). 


























A  ……… (2.1) 
The sphere has the lowest surface-to-volume ratio of all objects. Therefore, 
this equation describes a best case scenario. It is apparent that EA will vary 
according to the volume of the lesion, as the modulus EA presented in Figure 
2.3. It can be seen that relatively large errors are tolerable for the purpose of 
RTP, with approximately 20% being acceptable at large volumes, and 
increasing to high values in excess of 50% at smaller volumes. 















Figure 2.3: Curve representing the modulus acceptable error, EA, as 
defined by equation (2.1). 
2.3.2. Concordance Measurement 
The aim of the concordance measurement is to measure the similarity of the 
boundaries between two 3D surfaces, which for the purpose of this work are 
the true volume and the volume determined by the segmented technique. 
Two statistical approaches are suitable for these measurements 
• Jaccard Similarity Coefficient (JSC) 
• Dice Similarity Coefficient (DSC). 
2.3.2.1. Jaccard Similarity Coefficient (JSC) 
The Jaccard similarity coefficient (JSC), also known as Jaccard coefficient 
index was originally proposed by Jaccard [102] as a statistical measure of 
similarity between sample sets. For two sample sets A and B, Figure 2.4, it is 
defined as the cardinality of their intersection divided by the cardinality of 
their union, as given by equation (2.2). The JSC index has a maximum value 
of 1 when both sample sets are identical. 











  ……… (2.2) 
where c, is the number of voxels that are common to A and B, a, is the 




Figure 2.4: Two sample sets A and B where c, is the number of voxels 
common to A and B; a and b are the numbers of voxels unique to A and 
B respectively. 
2.3.2.2. Dice Similarity Coefficient (DSC) 
The Dice similarity coefficient (DSC) was originally proposed by Dice in 1945 
[103] and it has been widely used [95, 104, 105] to evaluate the similarity 












  ……… (2.3) 
Using the same nomenclature as for the JSC. The DSC index has a maximum 
value of 1 when both volumes are identical. 
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2.3.3. Distance Transformation Maps 
In order to measure the distance between the boundary locations of the true 
and segmented volumes, a distance map needs to be computed. The distance 
map [106] is an image in which each voxel’s value is the distance from this 
voxel to a reference object. The Euclidean distance transformation (EDT) is an 
algorithm that calculates the distance map for a binary image that represents 
the segmented volume [107] as below. Zhang et al. [105] have used this 









2)(),(   ……… (2.4) 
where d(a,b) is the distance between the voxel a of the true volume boundary 
to the voxel b of the segmented volume boundary and n is the number of 
voxels in the segmented boundary. The nearest distance between the two 
boundaries is obtained by comparing the boundary location of the segmented 
volume with the corresponding value on the distance map of the true volume. 
2.4. Limitations of The Available PET/CT Segmentation 
Techniques 
The PET/CT segmentation techniques that were presented in chapter 2 are 
variable in terms of computational complexity, the degree of user interaction 
required, and degree of accuracy. Although subjective visualization by experts 
is still the most widely used technique [108], it suffers from intra-observer 
variability which is due to its subjectivity and sensitivity to the display window 
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level settings. Thresholding techniques, however, are simple and efficient to 
put into practice although scanner specific parameters need to be accurately 
calibrated in order to gain accurate results [109]. 
Edge-based and region-based segmentation techniques for PET/CT are 
affected by the limitations of the system response of a PET scanner arising 
from the inherent characteristics of relatively low spatial resolution and high 
noise. It has been shown that the direct application of the Sobel edge 
detection and watershed techniques to PET images fails to accurately measure 
the volume size compared to thresholding techniques [110]. 
The fully-automated techniques have the disadvantage for routine 
clinical use of having a high computational burden. Therefore, the balance 
between the algorithm complexity and obtaining the right results is very 
important in selecting the optimum segmentation technique. 
For all the techniques outlined in Chapter 2, the only evaluation 
criterion considered has been the percentage error in the volume 
measurement. However, it is possible that a small percentage error in volume 
can occur while the lesion boundary exhibits a very different shape from the 
true surface, and additionally the position may not be correctly located due to 
the motion of the patient physically or physiologically, such as in respiration. 
Therefore, in addition to the error in volume determination a more 
comprehensive evaluation of the techniques is warranted, such as 
determination of the shape and location of the segmented PET volume. In 
addition, most of these techniques have not been evaluated for accuracy in 
patient studies, but only in phantoms. 
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Furthermore, the phantoms used usually represent lesions of simple 
shapes such as spheres and cylinders, whereas not all tumours are spherical 
or cylindrical, and many are not homogeneous. For a realistic evaluation of a 
new method it is important that irregular and inhomogeneous volumes should 
be considered. These factors are taken in account for this project, as 
described below. 
2.5. Justification for A New PET/CT Segmentation 
Technique 
The aim of this research was to develop an accurate, practical and reliable 
PET segmentation technique that is easily implementable in a routine clinical 
setting. As described above, the most widely used PET segmentation 
techniques are thresholding and subjective visualization. However, the 
subjective visualization technique requires a consensus reading by nuclear 
medicine and radiation oncology physicians which is difficult to achieve in 
busy departments and is time consuming. 
Previous studies [76, 78] have shown that the value of the optimum 
threshold depends on the size and shape of the lesion and the contrast. The 
aim for implementation was to be able to automatically compute a lesion 
boundary and lesion volume on any patient image using the optimum 
threshold for that particular patient lesion, using only a simple measurement 




Chapter 3:                       
DEVELOPMENT OF NEW PET/CT VOLUME 
SEGMENTATION TECHNIQUES 
3.1. Introduction 
The main aim of this PhD study was to develop the use of PET/CT images for 
use in radiotherapy treatment planning (RTP). Among all the previously 
described methods for delineation of PET lesions, a standard method suitable 
for routine clinical use has not yet been demonstrated. Therefore, this study 
aims to develop a reliable and robust method which is suitable for application 
on a day to day basis in the clinic, and which does not require any a priori 
information about the size or shape of the lesion. So the aim was to develop a 
method for lesion delineation that is independent of the lesion’s contrast, 
volume size or shape, and noise level in the image. In this chapter, the 
3 
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development of two new semi-automated techniques based on thresholding 
that meet the above aims is presented. 
3.2. Materials and Instruments 
3.2.1. Scanner 
Images were acquired using a GE Discovery STE 8 PET/CT scanner (GE 
Healthcare), which combines the two modalities, PET and CT, to create fused 
PET/CT images. 
The PET component in the PET/CT scanner consists of a multi-ring 
bismuth germanate (BGO) block detector system arranged in 24 rings to 
acquire 47 slices over an axial length of 15.4 cm, with a 70 cm patient bore. 
The crystal dimensions are 6.3mm (axial), 4.7mm (transaxial), and 30mm 
(radial) with a total of 13,440 crystals (6×8 crystals in a block, 2×4 blocks in a 
module and 35 module in a ring). The PET scanner has a 3D spatial resolution 
FWHM of 5.05 mm transaxially, 5.39 mm axially, and a 3D sensitivity of 7.53 
counts/sec/kBq and 8.33 counts/sec/kBq at the centre and 10 cm radially off 
the centre respectively [111]. 
The CT component in the PET/CT scanner consists of a single x-ray 
tube with an eight slice detector and can be operate in axial or helical mode, 
with a full rotation time of 0.5 second. Two types of image are produced: one 
for attenuation correction of the PET images where the Hounsfield values are 
scaled to attenuation factors at 511keV; and another have a diagnostic quality 
image for the purpose of fusion with the PET images. 
The scan protocol usually starts by performing a low-dose scout image, 
a planar X-ray, also known as a topogram, which is used to identify the bed 
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positions needed for the PET and CT scans. Then the bed moves to the start 
of these defined bed positions to acquire the CT scan. Next, the whole bed 
assembly moves from the CT scanner location to the first bed position for the 
PET acquisitions. 
3.2.2. Phantoms 
3.2.2.1. Spherical phantom 
An image quality phantom made of Perspex, IEC Body Phantom SetTM, as 
specified by National Electrical Manufacturers Association (NEMA) [112, 113], 
was used for a number of data acquisitions in this project. This phantom and 
its components are fillable with liquid, as shown in Figure 3.1, and it consists 
of a body phantom (torso cavity), a lung insert (removable), and a set of six 












































Figure 3.1: IEC body phantom with fillable spheres of different volume 
and diameter 
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3.2.2.2. Irregular phantom 
Two families of irregularly shaped phantoms, named “top-hat” and “crescent” 
as shown in Figure 3.2 (a) and (b) respectively, were constructed. Each family 
consisted of two fillable thin wall thickness, 0.1 mm, Perspex cylinders of 
different radii. In the first case, one smaller cylinder was joined concentrically 
to a larger second cylinder to create a fillable region in a top-hat shape, and 
in the second case, the smaller cylinder was fixed off-centre inside the larger 
to create a fillable region, which, in axial cross section, forms a crescent 
shape. There were four top-hat volumes of 101.8, 71.4, 30.0 and 8.69 ml, 
and four crescent volumes of 96.1, 66.8, 29.1 and 4.89 ml (appendix I 
presents the detailed dimensions). These were each inserted into the torso 
cavity of the IEC Body Phantom SetTM (after removing the spherical inserts), 
and fastened to the lung insert. The lung insert was filled with a mix of water 
and expanded polystyrene beads to simulate a region of inhomogeneity in the 
background. For the crescent family, the inside cylinder (smaller volume) was 




















Figure 3.2: Validation irregular phantoms represent 3D, PET and CT 
images of the Top-hat (a) and Crescent (b), with different volume sizes. 
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3.2.3. Data Analysis 
Image analysis and implementation of both VCAT and CAT methods were 
carried out using in-house software developed in IDL (Interactive Data 
Language, ITT Visual Information Solutions). The full IDL code is presented in 
appendix II. 
3.3. Phantom Image Acquisition and Reconstruction 
In all phantom acquisitions, the phantom was placed centrally and a single 
bed position was acquired in 3D mode. A dynamic protocol was set to acquire 
a series of eight different acquisitions of: 1, 2.5, 5, 10, 15, 20, 30 and 60 
minute acquisition times (tAC) to produce different image noise levels. CT-
based attenuation correction and randoms correction from singles were 
applied. 
Two different reconstruction techniques were investigated during this 
study: fully 3D filtered back projection (FBP) [114] and iterative (IT) [115] 
reconstruction. The reconstruction parameters used were the same as for 
routine patient studies in the department. In case of FBP, transaxial Hanning 
filter (cutoff of 0.12 mm-1) was used, and in case of IT, 28 subsets and two 
iterations with a Gaussian post-filter of 6 mm were used. The PET matrix size 
in both IT and FBP was 128×128×47 for a field of view (FoV) of 70 cm, with 
voxel size 5.47×5.47×3.27 mm. For the purpose of evaluating the 
concordance of the PET segmentation with object boundaries seen on CT, the 
PET images were reconstructed to match the CT matrix size, using the same 
parameters but using a FoV of 50 cm and voxel size of 3.91×3.91×3.27 mm. 
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The CT acquisition parameters were 120kVp, automatic current 
ranging from 30 – 44 mA with noise index of 40, and a pitch of 1.675. The CT 
images were reconstructed with 3.27mm slice separation (to match that of 
the PET images), and a matrix size of 512×512×47 (voxel size, 
0.98×0.98×3.27 mm) for a FoV of 50 cm. These are the same as for routine 
patient studies in the department. 
3.4. Volume and Contrast Adjusted Thresholding (VCAT) 
Method 
The new method developed in this project requires calibrations to be carried 
out to determine the relationship between the optimum threshold and the true 
volume. This relationship is contrast dependant. The threshold value is 
effectively adjusted automatically allowing for both the contrast and volume of 
the lesion, to be the optimum value to obtain the correct volume 
measurement, hence the terminology: Volume and Contrast Adjusted 
Thresholding, VCAT. A set of calibration curves are required to represent the 
relationship between the optimal threshold, Topt, and lesion volume, V, for 
fixed contrast, C. The VCAT method does not depend on a priori information 
from the PET or CT images, and the only parameter that needs to be 
measured is C, which references a previously determined calibration curve, as 
described below. 
A key factor in measuring small volumes on PET images is the partial 
volume effect, which causes the observed contrast (Co) to be different from 
the true contrast (Ct), as previously described in chapter 1. In patients, it is 
easy to measure Co but it is difficult to accurately determine Ct. Therefore, in 
this study, Co has been used in all measurements. Co is defined as the ratio 
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between the maximum voxel count within a volume of interest (VoI) drawn 
around the lesion, and the mean counts within a background VoI, manually 
delineated in all planes that contain the lesion. Alternative definitions will be 
investigated in chapter 5. 
To develop the VCAT calibration curves the relationship between the 
true volume (V) and the optimum threshold (Topt) needs to be calculated for a 
fixed observed contract (Co). First, the relationship between Topt and Co needs 
to be determined to correct the Topt value to a corresponding fixed Co, then 
the corresponding Topt was used when determining the relationship between 
Topt and V. Therefore, the process of developing the VCAT calibration curves is 
in two stages as set out in sections  3.4.1 and  3.4.2 below. 
3.4.1. Variation of Threshold with Lesion Contrast 
The process of generating the VCAT calibration curves starts by determining 
the relationship between Topt and Co. Acquisitions of the IEC Body phantom 
with spheres containing 18F were carried out to simulate true lesion contrasts, 
Ct, of 2, 3, 5, 9 and ∞ (i.e. no background). To emulate tissue background, 
the body of the phantom was filled with a solution of 18F at a concentration of 
5 kBq/ml for all values of Ct, except for Ct = ∞ where the background was 
plain water. These acquisitions were performed three times, the results 
averaged, and the standard deviation and error were calculated to incorporate 
the effects of repeatability and to minimise errors. 
For each sphere, 3D volumes were derived for incremental percent 
threshold values, where 100% represents the maximum voxel value within a 
VoI manually drawn around the sphere. By plotting these volume values 
against threshold and by knowing the true volume of each sphere, the Topt for 
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each sphere at each Co was measured, as shown in Figure 3.3. For each 
experiment, this generated a series of values for Topt that measures the true 
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Figure 3.3: Threshold volume curves for 26.6 ml spherical volumes at 
different contrast values to obtain the contrast-dependent optimal 
threshold, Topt. 
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Figure 3.4: The relation between Topt and Co for 26.6 and 11.5 ml 
volumes. A logarithmic scale used in Co direction to show the ∞ values. 
The error bars represent the standard error from three different 
experiments. 
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The behaviour of this relationship is of the form y = f(x-1), equation 3.1, 


































  …… (3.2) 
Therefore, with y = Topt and x = Co, a weighted least squares fit of the data to 
these two equations was carried out and the Chi-square (χ2) test was applied 
to determine the goodness of the fit. 
In determining the relationship between optimum threshold (Topt) and 
observed contrast (Co), a weighted least square fitting technique was used to 
fit Topt with Co to two possible equations (3.1) and (3.2). Figure 3.5 shows the 
fitting of Topt and Co to equation (3.2) for different spherical volumes, 26.6, 
11.5, 5.55, 2.57, 1.15 and 0.53 ml, at 1, 2.5, 5, 10 and 60 minute acquisition 
times (tAC) for both iterative (IT) and FBP reconstruction techniques. The error 
bars represent the standard error of three experiments undertaken with the 
same Ct value. A χ
2 test demonstrated that the second order equation (3.2) 
provided the overall best fit across all volumes, acquisition times and 
reconstruction techniques. 
Close observation of the data in Figure 3.5 indicated that a single 
equation could represent the relation between Topt and Co for volumes > 
1.15ml, and if this were to be the case it would be possible to determine the 
value of Topt for different volumes by measuring only the value of Co. The 












































26.6 ml 11.5 ml
5.55  ml 2.57  ml




































26.6 ml 11.5 ml
5.55  ml 2.57  ml




































26.6 ml 11.5 ml
5.55  ml 2.57  ml




































26.6 ml 11.5 ml
5.55  ml 2.57  ml




































26.6 ml 11.5 ml
5.55  ml 2.57  ml





































26.6 ml 11.5 ml
5.55  ml 2.57  ml




































26.6 ml 11.5 ml
5.55  ml 2.57  ml




































26.6 ml 11.5 ml
5.55  ml 2.57  ml




































26.6 ml 11.5 ml
5.55  ml 2.57  ml




































26.6 ml 11.5 ml
5.55  ml 2.57  ml
1.15  ml 0.53  ml
j
 
Figure 3.5: Variation of Topt with Co for all sphere volumes at 1, 2.5, 5, 10 and 60 minute acquisition times for IT (a, b, c, d, 
e) and FBP (f, g, h, i, j) reconstruction techniques respectively. The points represent the data points and the error bars in 
Topt direction represents the standard error of three experiments. The solid black lines represent the fitting for each volume 
size to equation (3.2). A logarithmic scale has been used in Co axis. 
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3.4.2. VCAT Calibration Curves 
The VCAT calibration curves are given by the variation of Topt with V at 
different values of Co. Because the value of Co for all volumes with the same 
Ct varies due to the PVE, the values of Topt were adjusted to a corresponding 
fixed Co using the previously determined relationship between Co and Topt. 
Un-weighted least squares fits to equations (3.1) and (3.2) were 
carried out with y = Topt and x = V at fixed values of Co = 2, 3, 5, 9, ∞. Again, 
the Chi-square (χ2) test was used to determine the goodness of the fit. The 
resulting χ2 values demonstrated that the best fit was obtained with equation 
(3.2). Figure 3.6 demonstrates the variation of optimal threshold, Topt, with 
lesion volume, V at different Co. 
Each of the three parameters a, b and c from equation (3.2) of fitting 
Topt and V was found to show a good correlation with Co for all volumes. 
Therefore, a correlation between the value of each parameter and Co was 
performed using a least square fitting to equations (3.1) and (3.2). The 
calculated χ2 of this correlation showed that the best correlation function to 
correlate each parameter with Co is equation (3.2). So, each fit parameter, a, 
b and c, from equation (3.2) is replaced by the same full equation as a 
function on Co. Therefore, the value of Topt can be represented by a function 
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This equation, with the nine parameters a-i, was used to implement 
the VCAT method in spheres and irregular volumes. Table 3.1 shows the 
values of the nine fitting parameters, a-i, for all acquisition times (tAC: 1, 2.5, 
5, 10, 15, 20, 30 and 60 min) and for IT and FBP reconstruction images. 
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Figure 3.6: The VCAT calibration curves generated from spheres 
phantom by correlation Topt and V at different Co. a, b, c, d and e are the 
calibration curves for IT and f, g, h, i and j are for FBP reconstruction 
techniques at 1, 2.5, 5, 10 and 60 minute acquisition times respectively. 
The points represent the data and the dotted and solid lines represent 
the fitted equation (3.1) and (3.2) respectively. 
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tAC IT reconstruction 
min a b c d e f g h i 
1 39.3 - 16.9 131.8 - 3.39 24.6 - 18.8 7.69 - 9.98 - 10.8 
2.5 38.7 4.07 87.3 3.85 - 3.03 - 17.6 1.20 7.03 - 6.07 
5 40.5 17.1 46.2 - 11.0 32.3 0.12 12.2 - 27.9 4.49 
10 40.1 24.4 27.7 - 4.42 20.4 - 0.26 2.72 - 2.50 - 7.04 
15 40.8 17.8 43.5 - 11.2 65.4 - 67.8 8.85 - 33.2 30.9 
20 39.6 25.9 31.7 - 2.59 6.81 3.25 3.55 - 0.83 - 6.19 
30 39.2 27.0 34.0 - 0.46 - 7.17 16.4 3.40 3.00 - 11.4 
60 39.1 33.9 24.9 2.63 - 26.3 25.6 0.58 17.3 - 19.1 
 
tAC FBP reconstruction 
min a b c d e f g h i 
1 39.3 19.6 55.5 4.41 23.7 - 0.04 7.66 - 33.5 17.3 
2.5 39.0 32.3 20.9 8.02 - 2.74 36.8 4.82 - 17.6 - 4.07 
5 39.2 42.1 0.90 7.42 - 19.1 55.7 3.69 0.56 - 22.0 
10 40.2 40.6 - 4.23 0.49 27.5 - 8.65 5.95 - 26.5 17.7 
15 38.8 51.4 - 17.4 10.3 - 33.6 63.7 1.61 3.68 - 18.6 
20 38.3 52.7 - 13.1 12.6 - 39.4 56.6 - 1.04 12.5 - 20.9 
30 38.6 45.1 0.37 11.3 - 16.3 17.3 1.23 - 5.57 2.55 
60 39.3 45.7 - 1.56 6.23 - 16.3 28.1 4.48 - 5.93 - 3.02 
Table 3.1: The values of the nine fitting parameters in equation (3.3) for 
correlating Topt and V to generate the VCAT calibration curves for IT and 
FBP reconstructions. 
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When applying the VCAT method the operator begins by drawing a 
loose region around the lesion on the PET image to constrain the auto-
delineation. Next, in all slices that contain lesion the operator defines a region 
of background in a suitable area close to the lesion. A flowchart of this 
algorithm is presented in Figure 3.7. The ratio of lesion maximum to 
background mean is obtained to determine Co. Within the loose region VCAT 
then estimates an initial threshold value, T1 that corresponds to the largest 
volume on the calibration curve corresponding to the measured Co. T1 is 
applied to obtain a first estimate of the volume, V1. V1 is applied to the 
calibration curve to obtain the corresponding Topt (%) which becomes the 
second estimate of threshold, T2. If the difference between T1 and T2 is 
greater than 10-3, T2 is applied to the image to obtain a second volume 
estimate, V2. This process continues until Ti+1 - Ti < 10
-3. The full IDL program 
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Figure 3.7: A flowchart of the VCAT method. The process is explained in the text (Section  3.4.2). 
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3.5. Contrast Adjusted Thresholding (CAT) Method 
The experimental findings for the variation of threshold with lesion contrast 
(presented in section  3.4.1) revealed the possibility that for all volumes 
greater than those affected by PVE (> 1.15 ml), the variation with V could be 
considered constant. Therefore, a simplification of the VCAT method was 
considered whereby it was only necessary to obtain the relation between Topt 
and Co. This simplified method is referred to as CAT – Contrast Adjusted 
threshold. 
3.5.1. CAT Calibration Curves 
The values of Topt and Co for all volumes greater than 1.15 ml from the 
spherical phantom at each reconstruction technique and acquisition time were 
used to generate the CAT calibration curves. A weighted least squares fit was 
carried out and the χ2 test employed to determine whether equation (3.1) or 
(3.2) provided the best fit to the data. 
Table 3.2 represents the resulting Chi-square values (χ2) of correlating 
Topt with Co for all spherical volumes > 1.15ml. These χ
2 values demonstrated 
that there is a good correlation between Topt and Co and that the fitting to the 
second order equation (3.2) is better than the first order equation (3.1). 
Figure 3.8 shows the results of this fitting Topt and Co at 1, 2.5, 5, 10 
and 60 minute acquisition times for both IT and FBP reconstruction images. 
This figure represents the calibration curves for the CAT PET segmentation 
technique, which can be represented by equation (3.4). It is clear that the 
second order equation represents the data points more closely than the first 
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order equation. The second order term enable the curve to pined harder at 







aCT ++=   …… (3.4) 
Table 3.3 shows the values of the CAT calibration equation, i.e. 
equation (3.4), for all acquisition times (tAC: 1, 2.5, 5, 10, 15, 20, 30 and 60 
min) for IT and FBP reconstruction images. The constant term of equation 
(3.4) seems to coincide for the different acquisition times with the values of 
(38.3 ± 0.55) and (40.4 ± 0.50) for iterative and FBP reconstruction images; 
(average ± SD). 
tAC Iterative reconstruction 
min 1−x  2−x  
1 8.86 1.23 
2.5 3.26 1.26 
5 1.68 0.95 
10 1.45 1.42 
60 1.68 1.24 
   
tAC FBP reconstruction 
min 1−x  2−x  
1 5.54 2.23 
2.5 2.16 0.92 
5 1.14 0.88 
10 0.72 0.71 
60 0.43 0.54 
Table 3.2: The Chi-square (χ2) values of correlating Topt with Co for all 


































































































































































































Figure 3.8: The CAT calibration curves generated from spherical phantom by correlation Topt with Co. a, b, c, d and e are the 
calibration curves for IT and FBP reconstruction techniques at 1, 2.5, 5, 10 and 60 minute acquisition times. The points 
represent the data points, the doted lines represent the fitting to equation (3.1) and the solid lines represent the fitting to 
equation (3.2). A logarithmic scale has been used Co direction. 
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tAC IT reconstruction 
min a b c 
1 38.6 -9.76 122.3 
2.5 38.2 18.4 58.5 
5 38.1 31.7 28.7 
10 37.8 43.7 1.08 
15 37.8 39.0 14.8 
20 39.5 28.5 23.4 
30 38.0 37.2 18.7 
60 38.2 36.6 21.8 
 
tAC FBP reconstruction 
min a b c 
1 40.7 7.32 110.2 
2.5 40.7 19.2 58.1 
5 40.8 33.1 21.7 
10 40.4 38.3 7.43 
15 40.3 44.5 -3.73 
20 39.2 49.4 -5.48 
30 40.2 43.1 3.05 
60 40.6 37.2 12.5 
Table 3.3: The values of the fitting parameters for correlating Topt and Co 
to generate the CAT calibration curves for IT and FBP reconstructions.
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3.6. Discussion 
Two new PET lesion delineation techniques have been described investigated: 
volume and contrast adjusted thresholding (VCAT), and contrast adjusted 
thresholding (CAT). These techniques do not depend on a priori information 
about the volume size or shape of a lesion. A one-off calibration of the PET 
scanner system using a standard NEMA image quality phantom can be carried 
out to generate a set of calibration curves specific to the scanner. From a 
measurement of only the lesion’s observed contrast on the PET image, the 3D 
boundary and volume is then computed by automatically adjusting the 
threshold value to the optimum for the actual contrast and volume. 
The VCAT calibration curves, Figure 3.6, for FBP and IT reconstruction 
techniques were in good agreement. Additionally they were in close 
agreement for different acquisition times, indicating that the technique should 
be applicable to images with differing statistical quality, as typically 
encountered with different size patients. However the user must be aware of 
the potential for observed biases between FBP and IT reconstruction 
techniques [116], and that it is therefore useful to match the conditions for 
the calibration acquisition and reconstruction with those used for patient 
studies. 
The CAT calibration curves, Figure 3.8, for FBP and IT reconstruction 
were in good agreement. However, as the observed contrast increases above 
5 the calibration curves for the IT and FBP begin to separate then level off at 
different optimum threshold values with a 2% higher value for FBP. It is 
apparent also from the figure that above an observed contrast of 
approximately 20 the optimum threshold remains constant, the value being 
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that of the fit parameter “a” in the CAT calibration formula, equation (3.4). It 
would be possible to use this value for a fixed thresholding technique, but 




Chapter 4:                       
EVALUATING THE ACCURACY OF THE 
CAT AND VCAT METHODS 
This chapter represents the results of evaluating the CAT and VCAT accuracies 
in a range of different conditions simulating those encountered in clinical 
patient studies. 
The accuracies of CAT and VCAT methods were evaluated in the 
spherical and irregular lesions phantoms described in sections ( 4.1 and  2.4), 
for different image noise levels, and for both iterative (IT) and filtered back 
projection (FBP) reconstruction techniques. The different noise levels were 
obtained by using five different acquisition times (tAC = 1, 2.5, 5, 10 and 60 
minute), with a high noise image at 1 min and a very low noise level at 60 
min. 
4 
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4.1. Investigating the Accuracy of CAT and VCAT Methods 
in Spheres 
4.1.1. CAT Accuracy in Spheres 
Figure 4.1 represents the modulus of percentage error in spherical volumes 
measurements using the CAT method in iterative and FBP reconstruction 
images at 1, 2.5, 5, 10 and 60 min tAC. The dotted line represents the 
acceptable error, EA, for the radiotherapy treatment planning. 
These results demonstrate that the error in spherical volume 
measurements using the CAT method were well within the acceptable error 
for radiotherapy treatment planning even for small volumes, i.e. < 1.15ml, 
with for Co > 3 or V > 1.15ml. These results were unforeseen because the 
CAT calibration curves do not take into consideration volumes < 1.15ml. Also, 
the CAT method proves to have low sensitivity to the noise because it 
accurately segmented the spherical volumes for the highest noise level, tAC = 
1 at Co~ 2, where the images were visually very noisy. 
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Figure 4.1: The modulus of percentage error in measuring spherical 
volumes using the CAT method for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The error bars represent the standard error from 
three experiments. The black dotted line represents the acceptable 
error. A logarithmic scale in the percentage error direction has been 
used. 
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4.1.1.1. CAT using 60 minute single calibration curve 
Investigations were carried out for using a single calibration curve obtained at 
one value of tAC. This simplified approach could significantly reduce the data 
needed to generate the CAT calibration curves and also simplify the method 
by just using a single equation (for a specific reconstruction technique) with 









FBPT ++=  …… (4.2) 
Figure 4.2 shows the modulus percentage error in the use of 60min 
CAT single calibration curve for IT and FBP at 1, 2.5, 5 and 10 min tAC. Firstly, 
these results showed that the use of single CAT calibration curve produced 
better results for IT compared with FBP. For IT, this method worked well 
determining lesion volumes within the acceptable error except for small 
volumes at low contrast, namely V < 1.15ml for Co ≤ 3,. In the case of FBP, 
the similar results were found, however for Co~ 2 the method failed to 
segment V = 2.57ml at tAC = 1 and 2.5 min. 
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Figure 4.2: The modulus of percentage error in measuring spherical volumes 
using 60 minute CAT calibration curve method for IT (left side) with different 
tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right side) with the same tAC 
values (e, f, g, h). The error bars represent the standard error from three 
experiments. The black dotted line represents the acceptable error. A 
logarithmic scale in the percentage error direction has been used. 
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4.1.1.2. Comparison with fixed thresholding method 
The results of applying a 40% fixed threshold for both IT and FBP images are 
presented in Figure 4.3. The use of 40% fixed threshold failed to segment the 
correct spheres volumes with Co = 2 and 3, and also for Co ~ 5 it failed in 
volumes < 1.15ml. 
These results demonstrate the limitations of using a fixed threshold 
approach. It is interesting to note that in equation 3.4 for the CAT calibration 
curves the fit parameter, a, is approximately 40%, and the other two terms 
represent modification to this depending on the value of Co. 
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Figure 4.3: The modulus of percentage error in measuring spherical 
volumes using 40% fixed thresholding method for IT (left side) with 
different tAC = 1(a), 2.5(b), 5(c), 10(d), 60(e) minute and FBP (right 
side) with the same tAC values (f, g, h, i, j). The error bars represent the 
standard error from three experiments. The black dotted line represents 
the acceptable error. A logarithmic scale in the percentage error 
direction has been used 
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4.1.2. VCAT Accuracy in Spheres 
Figure 4.4 shows the error in volume determination by VCAT in spheres. The 
dotted line represents the EA for RTP and the error bars indicate the standard 
error of three sets of measurements. A logarithmic scale has been used in the 
Co direction in order to show the values of high percentage error seen with the 
smaller volumes (0.53, 1.15 and 2.57 ml). 
These data demonstrate that the error in measuring the volume of 
spherical lesions using the VCAT method is in general smaller for iterative 
reconstruction than for FBP reconstruction. The results of both reconstruction 
techniques are well within the acceptable error for RTP purposes, but for V ≤ 
1.15 ml at low contrast the errors increase to a borderline acceptability. Even 
for the highest noise level investigated, with tAC = 1 min, the accuracy of the 
VCAT method is acceptable, indicating that a satisfactory performance is 
probable in large patients. For volumes > 2.57ml the errors were higher in 
low contrast than high contrast, but still within the acceptable level for RTP. 
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Figure 4.4: The modulus of percentage error in measuring spherical 
volumes using the VCAT method for IT (left side) with different tAC = 
1(a), 2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the 
same tAC values (f, g, h, i, j). The error bars represent the standard 
error from three experiments. The black dotted line represents the 
acceptable error. A logarithmic scale in the percentage error direction 
has been used. 
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4.1.2.1. VCAT using 60 minute single calibration curve 
The possibility was explored of using a single calibration curve obtained with 
the lowest noise calibration data, i.e. obtained using 60 min acquisition times. 
This would simplify the calibration process, if it produced acceptably low 
errors. These results shown in Figure 4.5 demonstrate sufficient accuracy for 
Co ≥ 3 with volumes ≤ 1.15ml and ≤ 2.57ml for IT and FBP respectively. 
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Figure 4.5: The modulus of percentage error in measuring spherical 
volumes using 60 minute VCAT calibration curve method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right 
side) with the same tAC values (e, f, g, h). The error bars represent the 
standard error from three experiments. The black dotted line represents 
the acceptable error. A logarithmic scale in the percentage error 
direction has been used 
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4.1.2.2. Comparison with fixed thresholding method 
Figure 4.3 demonstrates the results of applying a fixed threshold of 40% of 
the maximum uptake on spherical lesions. It is clear that this fixed 
thresholding method produces results which are considerably worse than 
using the VCAT method. The results were outside the acceptable error for all 
volumes at contrasts, Co < 5 the errors were acceptable only for Co ≥ 5 and V 
> 1.15ml, regardless of image noise level given by the various tAC  
4.2. Investigating the CAT and VCAT Accuracy in Irregular 
Volumes 
4.2.1. CAT Accuracy in Irregular Volumes 
To test the CAT method in different geometries than those used to generate 
the calibration curves, the CAT method was applied to the two families of 
irregular volumes; top-hat and crescent shapes. Figure 4.6 shows the 
modulus percentage error in segmenting these irregular shapes using the CAT 
method for both IT and FBP images at 1, 2.5, 5, 10 and 60 min tAC. 
The resulting percentage errors of using the CAT method in the 
irregular shapes were well below the acceptable error for both reconstruction 
techniques and all acquisition times. The results for IT were better than those 
for FBP in the crescent shape at small volume (4.89ml). Otherwise, the 
resulting percentage errors were under 10% for all volumes. 
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Figure 4.6: The modulus of percentage error in measuring irregular 
volumes using the CAT method for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The black dotted line represents the acceptable 
error. A logarithmic scale in the percentage error direction has been 
used 
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4.2.1.1. CAT using 60 minute single calibration curve 
The idea of using a CAT single calibration curve to segment the PET true 
volumes needed also to be tested in the irregular shapes. Therefore, the 60 
min CAT single calibration curve was used to segment the PET irregular 
volumes at different acquisition times. 
Figure 4.7 presents the results of applying the 60 min CAT single 
calibration curve to segment the irregular shapes for IT and FBP at 1, 2.5, 5 
and 10 min tAC. Similar results to that obtained with the CAT method using 
individual calibration curves were obtained using the 60 min single calibration 
curve except in case of 1 min tAC. Also, the results of applying the 60 min CAT 
single calibration curve in the case of 1 min tAC were well within the 
acceptable error. These results strongly support the idea of using a single 
calibration curve that is obtained in long acquisition time which reduces the 
amount of data collected to establish the CAT method to be applied to 
different acquisition times. 
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Figure 4.7: The modulus of percentage error in measuring irregular 
volumes using the 60 minute CAT calibration curve method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right 
side) with the same tAC values (e, f, g, h). The black dotted line 
represents the acceptable error. A logarithmic scale in the percentage 
error direction has been used. 
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4.2.1.2. Comparison with fixed thresholding method 
The results of applying a 40% fixed threshold to measure the PET irregular 
volumes for both IT and FBP images at 1, 2.5, 5, 10 and 60 min tAC are 
presented in Figure 4.8. The use of 40% fixed threshold failed to accurately 
segment the top-hat irregular volumes for FBP with Co~ 4. Also in the case of 
IT, fixed threshold failed to segment the small volume (V = 4.89ml) across all 
studied tAC as well as for top-hat volumes 71.4 and 101.8ml at 60 min tAC. All 
these errors lead to uncertainty in applying the 40% fixed threshold which can 
be solved by using one of the adjusting thresholding techniques described 
here. 
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Figure 4.8: The modulus of percentage error in measuring irregular 
volumes using 40% fixed thresholding method for IT (left side) with 
different tAC = 1(a), 2.5(b), 5(c), 10(d), 60(e) minute and FBP (right 
side) with the same tAC values (f, g, h, i, j). The black dotted line 
represents the acceptable error. A logarithmic scale in the percentage 
error direction has been used. 
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4.2.2. VCAT Accuracy in Irregular Volumes 
The VCAT calibration curves were generated using the phantom with spherical 
lesions. However tumours in patients studies are often not of spherical but 
irregular shapes. Therefore the accuracy of VCAT method was investigated in 
two families of irregular volumes termed top-hat and crescent, as described in 
section 3.4.2.2). These results are shown in Figure 4.9, where it can be seen 
that all results were well below the acceptable error for RTP, even at the 
smallest volumes and lowest contrast. For volumes ≥ 30.0 ml, the errors were 
less than 10% for all values of Co , tAC , and reconstruction technique, 
decreasing to approximately 5% at large volume and high contrast. For the 
smaller volumes (top-hat = 8.69 ml, crescent = 4.89 ml) the errors across all 
acquisition times were less than 20% and 40% respectively. For top-hat 
volumes iterative reconstruction gave slightly higher errors than FBP 
especially for small volumes. 
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Figure 4.9: The modulus of percentage error in measuring irregular 
volumes using the VCAT method for IT (left side) with different tAC = 
1(a), 2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the 
same tAC values (f, g, h, i, j). The black dotted line represents the 
acceptable error. A logarithmic scale in the percentage error direction 
has been used. 
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4.2.2.1. VCAT using 60 minute single calibration curve 
As for spherical lesions, the possibility was explored of using a single 
calibration curve obtained with the lowest noise calibration data obtained with 
60 min acquisition times. The results shown in Figure 4.10 demonstrate 
sufficient accuracy across all variables investigated. Further, these results 
show a decrease in percentage error for the smaller crescent volumes than 
using the full set of calibration curves. 
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Figure 4.10: The modulus of percentage error in measuring irregular 
volumes using VCAT 60 minute single calibration curve method for IT 
(left side) with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP 
(right side) with the same tAC values (e, f, g, h). The black dotted line 
represents the acceptable error. A logarithmic scale in the percentage 
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4.2.2.2. Comparison with fixed thresholding method 
Figure 4.8, presented in section  4.2.1.2, demonstrates the results of 
applying a fixed threshold of 40% of the maximum uptake on irregular lesions. 
It is clear that this fixed thresholding method produces results which are 
considerably worse than using the VCAT method. However, for contrast values 
greater than 4, and all irregular volumes except the smallest, the results were 
generally within the acceptable value for RTP. 
4.3. Concordance Measurements Results 
The volumes derived by the CAT and VCAT methods from the PET image of 
the irregular phantoms were tested for concordance against the volume 
measured on a CT image of the phantom obtained by filling it with Iodine 
contrast (concentration ranging from 4.5 – 3.5 mg/ml). This CT data was 
considered to represent the true shape of the volume. These concordance 
measurements were carried out on the two families of irregular lesion 
volumes, top-hat and crescent. 
The segmented VCAT volume on PET was written into a binary image 
with the same matrix size, 128 × 128 × 47, as the PET images, re-scaled 
from the PET FoV of 70cm to the CT FoV of 50 cm using linear interpolation, 
and then up-sampled using bilinear interpolation to match the CT matrix size 
of 512 × 512 × 47. 
Figure 4.11 shows the results of Dice and Jaccard similarity coefficients 
measurements in top-hat and crescent irregular volumes segmented using the 
CAT method at 1, 2.5, 5, 10 and 60 min acquisition times for both IT and FBP 
images. These results represent a very good similarity between the CAT 
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segmented volume and the CT for volumes > 30ml, while the goodness of this 
similarity decreases with volume decreases (< 30ml). A very similar result 
was obtained using the VCAT method, Figure 4.12, which may suggest that 
this error associated with CAT and VCAT methods was mainly due to the 
image sampling and matrix dimensions. The results of the DSC and JSC using 
both the CAT and VCAT showed no large difference between IT and FBP 
reconstruction techniques for top-hat and crescent especially for larger 
volumes. These results demonstrate a very good similarity between the CAT 
and VCAT segmented PET and the CT volumes. 
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Figure 4.11: Dice similarity coefficient at 1, 2.5, 5, 10 and 60 min 
acquisition times (a, b, c, d and e) and Jaccard similarity coefficient (f, 
g, h, i and j) for segmented top-hat (TH) and crescent (CS) volumes 
using the CAT method for IT and FBP reconstruction techniques. 
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Figure 4.12: Dice similarity coefficient at 1, 2.5, 5, 10 and 60 min 
acquisition times (a, b, c, d and e) and Jaccard similarity coefficient (f, 
g, h, i and j) for segmented top-hat (TH) and crescent (CS) volumes 
using the VCAT method for IT and FBP reconstruction techniques. 
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4.4. Euclidean Distance Transformation 
The Euclidean distance transformation was used to compare the spatial 
location between the true volume (obtained from the CT) and the CAT 
segmented PET volume. Two distance maps were generated from the true 
binary image. One distance map represents the distances in mm inside (VoI) 
the true volume and the other represents the distance in mm outside 
(background) the true volume. These two distance maps were combined with 
positive distance to be outside the true volume and negative distance inside it. 
The surface of the CAT segmented volume was then calculated and compared 
its location with the new combined distance map. So, the resulting distance 
value will be negative if the surface of the CAT segmented volume was inside 
the true volume and will be positive if it was outside the true volume. 
Figure 4.13 shows the histograms of the distances between the surface 
of true volumes (CT) and the surface of CAT segmented volumes at 1, 2.5, 5, 
10 and 60 min tAC for IT and FBP images. These results were similar to that 
obtained with the VCAT method where it showed that more than 60% of the 
distances were centred on the zero distance, and more than 95% of these 
distances were within ±2 mm. 
Figure 4.14 shows the results of the Euclidean distance transformation 
tests, carried out on the families of top-hat and crescent lesions. Histograms 
are shown of the distances between the true volume (CT) surface and the 
VCAT volume surface at 1, 2.5, 5, 10 and 60 min acquisition time and for IT 
and FBP. These histograms demonstrate that the distances between the two 
surfaces were centred on zero distance, and that more than 60% of the 
surfaces overlapped. The histograms show also that the distance variations 
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using the VCAT method were mostly (95%) within ±2 mm which is in 
agreement with the RTP acceptable error. 
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Figure 4.13: Deferential (a, b, c, d, e) and cumulative (f, g, h, i, j) 
histograms of the nearest distance between the surface of reference CT 
images and segmented PET volumes at 1, 2.5, 5, 10 and 60 minute 
acquisition times using CAT method for top-hat and crescent volumes 
for IT (solid) and FBP (dashed) respectively developed by using the 
Euclidean distance transformation. 
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Figure 4.14: Deferential (a, b, c, d, e) and cumulative (f, g, h, i, j) 
histograms of the nearest distance between the surface of reference CT 
images and segmented PET volumes at 1, 2.5, 5, 10 and 60 minute 
acquisition times using VCAT method for top-hat and crescent volumes 
for IT (solid) and FBP (dashed) respectively developed by using the 
Euclidean distance transformation. 
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4.5. Comparison of VCAT and CAT Variant 
4.5.1. Spherical Lesions 
In the previous sections, four versions of implementing VCAT/CAT have been 
described: VCAT, VCAT using 60 min calibration curve (VCAT-60), CAT, and 
CAT using 60 min calibration curve (CAT-60). In this section, the results of 
these four variants are compared with each other and with the results of 
using a simple 40% fixed thresholding technique. In spherical volumes, the 
performance of these five different techniques were analysed with statistical 
methods for a total of 300 different conditions (6 volume sizes × 5 contrasts × 
5 acquisition times × 2 reconstruction techniques). The analysis was 












_log  …… (4.3) 
This conformity index will equal zero if the segmented volume equals the true 
volume, and increases as the difference between these two volumes increases. 
This CI has the advantage of treating the difference in larger and smaller 
volumes in a symmetrical fashion. 
The calculated CI values for using the five techniques on spherical 
lesions are shown in Figure 4.15, Figure 4.16 and Figure 4.17 for observed 
contrasts of 2, 5, and ∞ respectively. It is clear from these figures that the 
VCAT technique performed best, with the lowest CI values across nearly all 
studied conditions. The 40% fixed thresholding technique produced the worst 
results, with the highest CI values, especially at low contrast levels. The CI 
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values using 40% fixed thresholding decrease with increasing the volume size 
at the same contrast level and with increasing the contrast level at the same 
volume size to record a closer value to the other four techniques at V = 26.6 















Figure 4.15: Conformity index in measuring PET spherical lesions using the VCAT, VCAT-60, CAT, CAT-60, and 40% fixed 
threshold for contrast = 2 for spherical volumes number 1 (0.53 ml), 2 (1.15 ml), 3 (2.57 ml), 4 (5.55 ml), 5 (11.5 ml), 















Figure 4.16: Conformity index in measuring PET spherical lesions using the VCAT, VCAT-60, CAT, CAT-60, and 40% fixed 
threshold for contrast = 5 for spherical volumes number 1 (0.53 ml), 2 (1.15 ml), 3 (2.57 ml), 4 (5.55 ml), 5 (11.5 ml), 















Figure 4.17: Conformity index in measuring PET spherical lesions using the VCAT, VCAT-60, CAT, CAT-60, and 40% fixed 
threshold for contrast = ∞ for spherical volumes number 1 (0.53 ml), 2 (1.15 ml), 3 (2.57 ml), 4 (5.55 ml), 5 (11.5 ml), 
and 6 (26.6 ml) at 1, 2.5, 5, 10, and 60 min tAC. Left panel FBP and right panel IT. 
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A ranking approach was then employed placing the techniques in a 
ranking order where the best technique, with lowest CI, was ranked lowest. 
Figure 4.18, Figure 4.19, and Figure 4.20 show the rank results graphically for 
Co values of 2, 5, and ∞ respectively. These results show that VCAT technique 
was the best in many groups. However, the use of 40% fixed threshold was 
almost the highest rank, which means less preferable, across all studied 















Figure 4.18: Conformity index rank in measuring PET spherical lesions using the VCAT, VCAT-60, CAT, CAT-60, and 40% 
fixed threshold for contrast = 2 for spherical volumes number 1 (0.53 ml), 2 (1.15 ml), 3 (2.57 ml), 4 (5.55 ml), 5 (11.5 















Figure 4.19: Conformity index rank in measuring PET spherical lesions using the VCAT, VCAT-60, CAT, CAT-60, and 40% 
fixed threshold for contrast = 5 for spherical volumes number 1 (0.53 ml), 2 (1.15 ml), 3 (2.57 ml), 4 (5.55 ml), 5 (11.5 















Figure 4.20: Conformity index rank in measuring PET spherical lesions using the VCAT, VCAT-60, CAT, CAT-60, and 40% 
fixed threshold for contrast = ∞ for spherical volumes number 1 (0.53 ml), 2 (1.15 ml), 3 (2.57 ml), 4 (5.55 ml), 5 (11.5 
ml), and 6 (26.6 ml) at 1, 2.5, 5, 10, and 60 min tAC. Left panel FBP and right panel IT. 
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The Friedman ranking test [117] was used to test the statistical 
significance in the mean rank across all studied conditions. The Friedman test 
statistic for all techniques was 368.98 (p << 0.0001), which means that the 
difference between one technique (or more) and the other techniques was 
highly significant, but not indicating precisely which technique. Therefore, a 
least significant difference procedure following the Friedman test was carried 
out to test the pairwise significance between the five techniques (10 pairs) 
using a calculated critical difference maintaining an overall error rate of 5% 
for all paired comparisons. The mean ranks for the five techniques across all 
studied conditions and the critical difference are presented in Table 4.1. 
VCAT CAT VCAT-60 CAT-60 40% Critical Difference 
2.15 2.68 2.85 2.89 4.43 0.362 
Table 4.1: The mean rank order with the calculated critical difference for 
the pairwise comparisons between the use of CAT, CAT-60, VCAT, VCAT-
60, and 40% techniques in all spherical lesions. The techniques sharing 
the same green bar are not statistically significantly different. 
These mean ranks show the ranking order of these five techniques from 
lowest to highest rank. The VCAT technique, having a critical difference 
greater than 0.362 from the second technique in order, CAT, was significantly 
better than all the other four techniques. There was no significant difference 
between CAT, VCAT-60, and CAT-60. It is clear that the 40% fixed threshold 
technique was the worst, by a very large factor, than the other four. 
4.5.2. Irregular Lesions 
The same five techniques, CAT, CAT-60, VCAT, VCAT-60, and 40%, were 
tested in four different volume sizes of the two types of irregular lesions, top-
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hat and crescent. The same strategy as for spherical lesions was employed in 
comparing the difference between the five segmentation techniques, which 
was to calculate the CI for each irregular volume under all studied conditions, 
rank these five techniques based on the calculated CI, take the mean rank for 
the five techniques across all conditions, and, finally, test the significance of 
the differences using the Friedman ranking test. 
Three experiments using top-hat and crescent volumes (3 experiments 
× 2 shapes × 4 volumes × 5 tAC × 2 reconstruction techniques) were evaluated 
in this statistical analysis. Figure 4.21 and Figure 4.22 show the calculated CI 
in two experiments of top-hat and crescent volumes measurements using the 
VCAT, VCAT-60, CAT, CAT-60, and 40% fixed thresholding techniques. The 
figures show that similar CI values were calculated using the five techniques 
in case of crescent volumes rather than top-hat volumes especially in larger 
volumes. This could be due to the larger contrasts (40 and 55) in crescent 
experiments than the contrasts in top-hat experiments (4 and 7). The figures 
show also similar results between IT and FBP for each irregular shape. 







Figure 4.21: Conformity index in measuring PET irregular lesions using 
the VCAT, VCAT-60, CAT, CAT-60, and 40% fixed threshold for 
experiment one (top-hat, TH, Co = 4 and crescent, CS, Co = 40) for 
irregular volumes number (TH, CS): 1 (8.69, 4.89 ml), 2 (30.0, 29.1 
ml), 3 (71.4, 66.8 ml), and 4 (101.8, 96.1 ml) at 1, 2.5, 5, 10, and 60 
min tAC. Left panels FBP and right panels IT. 







Figure 4.22: Conformity index in measuring PET irregular lesions using 
the VCAT, VCAT-60, CAT, CAT-60, and 40% fixed threshold for 
experiment two (top-hat, TH, Co = 7 and crescent, CS, Co = 55) for 
irregular volumes number (TH, CS): 1 (8.69, 4.89 ml), 2 (30.0, 29.1 
ml), 3 (71.4, 66.8 ml), and 4 (101.8, 96.1 ml) at 1, 2.5, 5, 10, and 60 
min tAC. Left panels FBP and right panels IT. 
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Although the five techniques produced most similar CI values, Figure 
4.23 and Figure 4.24 show the ranking order for these five techniques across 
each group of studied conditions. It is clear from the figures that the 40% 
fixed threshold produced the highest rank in many groups, and therefore 
performed worst of all. However, the other four techniques performed in 
varying inconsistent ways across the groups, with no particular technique 
having the advantage. 
The Friedman test statistic for all techniques was 95.49 (p << 0.0001), 
which means that the difference between one technique (or more) and the 
other techniques was highly significant. A least significant difference 
procedure following the Friedman test was carried out to test the pairwise 
significance between the five techniques (10 pairs) using a calculated critical 
difference maintaining an overall error rate of 5% for all paired comparisons. 
The mean ranks for the five techniques across all studied conditions and the 
critical difference are presented in Table 4.2. 
VCAT VCAT-60 CAT CAT-60 40% Critical Difference 
2.28 2.68 3.21 3.29 3.54 0.424 
      
Table 4.2: The mean rank order with the calculated critical difference for 
the pairwise comparisons between the use of CAT, CAT-60, VCAT, VCAT-
60, and 40% techniques in all irregular lesions. The techniques sharing 
the same green bar are not statistically significantly different. 
These mean ranks show the ranking order of these five techniques from 
lowest to highest rank, showing that VCAT had the lowest rank, being 
significantly better than all techniques except VCAT-60 for which the rank 
difference, 0.4, was of borderline significance (close to the critical difference 
of 0.424). The two CAT techniques were significantly worse than the two 
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VCAT techniques. Although the worst technique proved to be 40% fixed 
threshold, the difference in mean rank value from CAT (or CAT-60) was not 
statistically significant. 
 







Figure 4.23: Conformity index rank in measuring PET irregular lesions 
using the VCAT, VCAT-60, CAT, CAT-60, and 40% fixed threshold for 
experiment one (top-hat, TH, Co = 4 and crescent, CS, Co = 40) for 
irregular volumes number (TH, CS): 1 (8.69, 4.89 ml), 2 (30.0, 29.1 
ml), 3 (71.4, 66.8 ml), and 4 (101.8, 96.1 ml) at 1, 2.5, 5, 10, and 60 
min tAC. Left panels FBP and right panels IT. 







Figure 4.24: Conformity index rank in measuring PET irregular lesions 
using the VCAT, VCAT-60, CAT, CAT-60, and 40% fixed threshold for 
experiment two (top-hat Co = 7 and crescent Co = 55) for irregular 
volumes number (top-hat, crescent): 1 (8.69, 4.89 ml), 2 (30.0, 29.1 
ml), 3 (71.4, 66.8 ml), and 4 (101.8, 96.1 ml) at 1, 2.5, 5, 10, and 60 
min tAC. Left panels FBP and right panels IT. 
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4.6. Discussion 
It is important that the errors in any new technique should be related to the 
errors that are acceptable in a radiotherapy treatment planning context. This 
has been evaluated here by defining the magnitude of the errors acceptable in 
the treatment planning context. The VCAT method does indeed produce 
results that are sufficiently accurate to be usable for planning purposes. The 
VCAT method could determine the volumes of spherical lesions down to 0.53 
ml with IT reconstruction, and with FBP reconstructed images for volumes > 
1.15ml with the Co ≥ 3. These findings held at all the image noise levels 
studied, i.e. for all acquisition times. 
Surprisingly, the CAT method was able to determine volumes within 
acceptable errors for true volumes less than 1.15ml in both IT and FBP at low 
observed contrasts, except for a few acquisition times. These results were 
surprising because the calibration curves do not take in account the data for 
volumes < 1.15ml; however, it seems that the extrapolation of the data has 
worked satisfactorily in low observed contrasts. 
Using the CAT single calibration curve at 60 min resulted in 
determination of spherical lesion volumes > 1.15ml within acceptable errors 
across all other acquisition times, reconstruction techniques and observed 
contrasts. It also produced results within acceptable error for sphere volumes 
< 1.15ml provided observed contrast was greater than 3. Those conditions 
where the use of CAT 60min single calibration curve failed may be considered 
rare in patients undergoing radiotherapy where lesion volumes are expected 
to be larger than 1ml and the observed contrast is expected to be > 3. 
Therefore, it is possible to use the CAT 60min single calibration curve bearing 
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in mind these limitations. Better results were found in using a single VCAT 60 
min calibration curve across all other studied acquisition times especially for 
IT reconstruction images. 
The constant, a, in the fitting equations 3.3 and 3.4, was very close to 
40% for both reconstruction methods and all acquisition times. This 
percentage represents the value of threshold that could be employed in a 
fixed thresholding method, as has been used by others, e.g. [80]. 
Investigation using this fixed threshold of 40% failed to segment the spherical 
volumes accurately as demonstrated in sections  4.1.1.2 and  4.1.2.2, except 
for large volumes (≤ 1.15 ml) at high contrasts (Co ≥ 3). These results 
emphasise the importance of fully characterising the situation through 
equations 3.3 and 3.4 and not attempting to employ a simple fixed 
thresholding technique. 
Both CAT and VCAT techniques have been applied to irregular volume 
shapes that more closely represent what may be seen in patients’ tumours 
which are often irregular and contain inhomogeneities. The errors found with 
both VCAT and CAT proved to be very small compared with the acceptable 
error. Moreover, the use of a 60min single calibration curve was able to 
segment the irregular volumes with sufficient accuracy. Not surprisingly, using 
a 40% fixed threshold produced unacceptably high errors for the small 
crescent volume (4.89 ml) in IT and for Co~4 in FBP. 
For the irregular lesions the use of the DSC to quantify the shape 
similarity and the EDT to quantify the distance between the boundaries is an 
important aspect of the investigation of the accuracy of the method. The 
results of DSC, JSC and the EDT proved that both CAT and VCAT techniques 
performed extremely well, showing a high degree of concordance for 
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delineation of irregularly shaped lesions, accurately segmenting not only the 
true volume size but also the true shape and location within acceptable error 
levels for treatment planning. 
The statistical comparisons of the five techniques, VCAT, VCAT-60, CAT, 
CAT-60, and 40% fixed threshold, in both spherical and irregular lesions 
showed that VCAT was better than the other techniques, while the use of a 
40% fixed threshold was the worst technique. However, there was no 
statistical significance between the use of VCAT-60, CAT, or CAT-60, which 
performed at intermediate rankings between VCAT and 40% fixed threshold. 
In the spherical volumes, the difference between CAT and CAT-60 and 40% 
fixed threshold was statistically significant, whereas this was not the case for 
the irregular volumes. This is probably due to the irregular lesion phantoms 
having larger volumes and a much higher contrast than the spheres, 
conditions where the fixed threshold method performs reasonably well. 
The observed contrast (Co) in all the above studies was defined as the 
ratio between the maximum voxel count within a VoI drawn loosely around 
the lesion, and the mean counts within VoI drawn in the background region. 
With this manner of defining the maximum there is potential for statistical 
noise since it relies on the value of a single voxel. An improvement could be 
to use the mean over a small number of voxels around the maximum, and 




Chapter 5:                       
THE IMPACT OF DEFINING THE 
MAXIMUM LESION UPTAKE 
5.1. Introduction 
In the previous two chapters, two new semi-automated PET segmentation 
techniques, VCAT and CAT, were developed and evaluated in phantoms. 
These two techniques are dependent on the observed contrast of the lesion as 
has been demonstrated previously. The observed contrast, Co, of the lesion 
was defined as the ratio between the maximum lesion uptake, defined as the 
maximum voxel value (Lmax), and the mean counts of the delineated 
background regions. Because of the probability the maximum value, a single 
voxel, being affected by statistics of the imaging and reconstruction process, 
as well as data corrections, it is important to evaluate the impact of defining 
the lesion maximum in a more robust way. Therefore, two alternative 
5 
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definitions of maximum lesion uptake were investigated: (i) the mean of the 
maximum voxel and eight neighbouring corner voxels from the same 
maximum voxel slice, a in Figure 5.1(a), 9 voxels in total (Lmax9); (ii) the 
mean of the maximum voxel and the twenty-six neighbouring voxels, b in 









Figure 5.1: Schematic diagram shows the 9 (a) and 27 (b) voxels that 
used to calculate the Co using Lmax9 and Lmax27 respectively. 
Because the lesion uptake has a great impact not only in the 
implementation of the techniques but also on the calibration curves, new 
calibration curves have also been developed using Lmax9 and Lmax27 for both 
VCAT and CAT techniques. When applying Lmax9 the segmentation techniques 
will be referred to as VCAT9 and CAT9 respectively, and similarly VCAT27 and 
CAT27 when using Lmax27. In order to ensure clarity of meaning within this 
chapter, when applying the initial definition of maximum lesion uptake to be 
the single highest voxel value, the segmentation techniques will be referred to 
as VCAT1 and CAT1. 
5.2. Variation of Threshold with Lesion Contrast 
The relationship between the optimum threshold (Topt) and the observed 
contrast (Co) using Lmax9 and Lmax27 was explored. A weighted least square 
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fitting approach was used to evaluate these relationships. As for Lmax, least 
square fits to equations (3.1) and (3.2) were investigated, and the Chi-square 
(χ2) test was used to test for the best fit. 
Figure 5.2 shows the result of fitting Topt and Co using Lmax9 for both 
IT and FBP reconstruction techniques at 1, 2.5, 5, 10 and 60 min acquisition 
times. Because the volume size of the 9 voxels (9×voxel’s volume: 9×~0.1 ml: 
~ 1 ml) is large compared to the two small spherical volumes (0.53 and 1.15 
ml), the two small spherical volumes were excluded from the fitting process. 
Figure 5.2 shows the results of both the first and second order fitting for Topt 
versus Co using Lmax9, and the χ
2 test demonstrated that the second order 
equation is the best fit especially for iterative reconstruction images. 
Figure 5.3 shows the results of fitting Topt and Co using Lmax27 for both 
IT and FBP reconstruction techniques at 1, 2.5, 5, 10 and 60 min acquisition 
times. The volume size of the 27 voxels (2.7 ml) is large compared to the two 
small spherical volumes (0.53 and 1.15 ml), so these volumes were excluded 
from the fitting process. Figure 5.3 shows the results of both the first and 
second order fitting for Topt versus Co using Lmax27, and the χ
2 test 
demonstrated that the second order equation is the best fit especially for 
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Figure 5.2: Variation of Topt with Co using the mean of 9 voxels to define the maximum lesion uptake, Lmax9, for sphere 
volumes > 1.15ml; a, b, c, d and e are for iterative and f, g, h, i and j are for FBP reconstruction techniques at 1, 2.5, 5, 10 
and 60 minute acquisition times respectively. The points represent the data points, the dotted lines represent the fitting of 
these data points to equation (3.1) and the solid lines represent the fitting of these data points to equation (3.2). A 
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Figure 5.3: Variation of Topt with Co using the mean of 27 voxels to define the maximum lesion uptake, Lmax27, for sphere 
volumes > 1.15ml; a, b, c, d and e are for iterative and f, g, h, i and j are for FBP reconstruction techniques at 1, 2.5, 5, 10 
and 60 minute acquisition times respectively. The points represent the data points, the dotted lines represent the fitting of 
these data points to equation (3.1) and the solid lines represent the fitting of these data points to equation (3.2). A 
logarithmic scale has been used in Co axis. 
 Chapter 5                                                                       The Impact of Defining the Maximum Lesion Uptake 
164 
5.3. CAT9/27 Calibration Curves 
A weighted least square fitting approach was employed to test the correlation 
between Topt and Co using both Lmax9 and Lmax27 for all volumes > 1.15ml. 
This correlation was tested to fit these data points to the first and second 
order equations (3.1) and (3.2) respectively. The resulting χ2 values 
demonstrated that there is a good correlation between Topt and Co and that 
the fitting to the second order equation (3.2) is better than the first order 
equation (3.1). 
Figure 5.4 shows the results of the fitting of Topt and Co using Lmax9 
and Lmax27 at 1, 2.5, 5, 10 and 60 minute acquisition times for both iterative 
and FBP reconstruction images. This figure represents the calibration curves 
for the CAT PET segmentation technique using Lmax9 (CAT9) and Lmax27 
(CAT27), which can be represented by the general form in equation (5.1). It 
shows that the second order equation represents the data points more closely 
than the first order equation. 
Table 5.1 shows the values of the CAT9 and CAT27 calibration equation 
for all studied acquisition times (tAC: 1, 2.5, 5, 10, 15, 20, 30 and 60 min) for 
iterative and FBP reconstruction images. It is clear that there is a slight 
difference in the constant, a, in the calibration equation between CAT9 and 
CAT27: for IT CAT9 a = 53 ± 3.01 (average ± SD), whereas for CAT27 a = 56 
± 4.15 and for FBP CAT9 a = 46 ± 1.07, whereas for CAT27 a = 48 ± 1.63. 
These small differences may reflect the reduction of the impact of the noise 



















































































































































































































































































































































































Figure 5.4: The CAT9 (a, b, c, d, e) and CAT27 (f, g, h, i, j) calibration curves generated from spherical phantom > 1.15ml 
by correlation Topt with Co using Lmax9 and Lmax27 for iterative and FBP reconstruction techniques at 1, 2.5, 5, 10 and 60 
min tAC respectively. The points represent the data points, the doted lines represent the fitting to equation (3.1) and the 
solid lines represent the fitting to equation (3.2). A logarithmic scale has been used Co direction. 




CAT9  CAT27 
min a b c  a b c 
1 49.17 -1.12 71.71  50.94 32.85 14.16 
2.5 53.09 -6.25 73.00  57.09 -10.82 73.40 
5 49.54 18.40 42.14  49.47 9.21 61.65 
10 53.76 -3.53 62.62  59.85 -17.33 67.59 
15 58.74 -43.80 108.1  61.66 -46.42 104.3 
20 52.91 -2.16 57.27  53.66 -11.98 73.53 
30 53.54 -0.04 58.63  56.12 -7.21 66.81 




CAT9  CAT27 
min a b c  a b c 
1 46.22 48.70 19.78  49.69 49.54 11.15 
2.5 45.07 33.10 35.95  45.58 36.65 34.61 
5 48.14 45.87 6.17  49.76 10.77 69.44 
10 47.57 53.75 -18.41  49.22 63.22 -31.96 
15 45.48 47.11 13.68  46.39 46.83 17.38 
20 46.64 61.32 -27.42  48.71 65.26 -37.74 
30 45.75 38.40 17.60  47.22 30.28 27.62 
60 45.66 41.86 11.66  46.75 38.39 19.99 
Table 5.1: The values of the fitting parameters for correlating Topt and Co 
using Lmax9 and Lmax27 to generate the CAT9 and CAT27 calibration 
curves for iterative and FBP reconstructions respectively at all studied 
acquisition times. 
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5.4. VCAT9/27 Calibration Curves 
The fitting parameters of correlating Topt with Co using Lmax9 and Lmax27 were 
used to adjust the values of Topt to a corresponding fixed Co values equal to 2, 
3, 5, 9 and ∞. The χ2 test demonstrated that the best fit of equations (3.1) 
and (3.2) was obtained with equation (3.2). Figure 5.5 and Figure 5.6 
demonstrate the variation of Topt with V using Lmax9 and Lmax27 respectively. 
These two figures show the VCAT calibration curves using Lmax9 (VCAT9) and 
Lmax27 (VCAT27) respectively. Neither the first nor the second order equations 
were able to match the data points when using Lmax9 or Lmax27 for small 
volumes (< 11.5 ml) at low contrast, Co, and high noise (low tAC). 
The three parameters – a, b and c – from equation (3.2) of fitting Topt 
and V when using Lmax9 and Lmax27 were found to show a good correlation 
with Co for all volumes. Once again using the χ
2 test best fit was with equation 
(3.2). So, each fit parameter, a, b and c, from equation (3.2) was used to 
form a similar equation to (3.3) as previously presented for the VCAT1 method  
Table 5.2 and Table 5.3 show the values of the nine fitting parameters 
for IT and FBP reconstruction images at all studied acquisition times (tAC: 1, 
2.5, 5, 10, 15, 20, 30 and 60 min). 
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Figure 5.5: The VCAT9 calibration curves generated by correlating Topt 
with V at different Co using Lmax9. a, b, c, d and e are the calibration 
curves for iterative and f, g, h, i and j are for FBP reconstruction 
techniques at 1, 2.5, 5, 10 and 60 minute acquisition times respectively. 
The points represent the data points, the dotted lines represent the 
fitting of the data points to equation (3.1) and the solid lines represent 
the fitting of the data points to equation (3.2). 
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Figure 5.6: The VCAT27 calibration curves generated by correlating Topt 
with V at different Co using Lmax27. a, b, c, d and e are the calibration 
curves for iterative and f, g, h, i and j are for FBP reconstruction 
techniques at 1, 2.5, 5, 10 and 60 minute acquisition times respectively. 
The points represent the data points, the dotted lines represent the 
fitting of the data points to equation (3.1) and the solid lines represent 
the fitting of the data points to equation (3.2). 
 Chapter 5                                                                       The Impact of Defining the Maximum Lesion Uptake 
170 
tAC Iterative reconstruction 
min a b c d e f g h i 
1 38.06 33.98 46.72 65.79 -102.8 58.47 -1.15 5.81 -18.30 
2.5 40.45 27.70 47.41 59.30 -60.51 -11.67 1.46 -16.33 19.61 
5 39.65 20.38 51.45 62.44 -2.60 -85.48 -1.27 -40.08 52.33 
10 39.75 35.68 15.81 66.49 -73.98 29.57 -6.44 0.05 -2.35 
15 42.90 14.24 47.17 51.75 7.39 -70.51 4.93 -48.93 49.25 
20 39.75 32.09 22.80 62.92 -54.34 0.74 -3.03 -13.37 13.00 
30 36.15 45.23 14.72 76.55 -87.84 15.95 -11.40 7.78 2.39 
60 39.74 25.01 38.75 70.16 -48.36 -35.90 -10.75 -2.27 19.66 
 
tAC FBP reconstruction 
min a b c d e f g h i 
1 38.81 42.32 41.40 62.02 -55.34 9.69 -1.77 -26.96 20.92 
2.5 37.54 51.29 13.86 72.25 -103.8 51.97 -10.33 15.14 -14.21 
5 38.48 50.55 5.10 63.32 -62.27 21.63 -3.13 -10.64 5.20 
10 37.86 57.88 -17.64 69.38 -85.72 61.85 -9.47 5.57 -12.83 
15 38.13 52.78 -4.34 67.35 -65.30 22.05 -6.81 -9.32 8.53 
20 37.41 57.63 -13.01 71.31 -80.13 38.72 -11.63 6.46 -5.23 
30 37.32 51.15 1.79 72.08 -54.01 -9.41 -12.79 -6.74 18.47 
60 37.78 53.27 -2.72 68.63 -70.61 18.54 -9.18 0.66 3.22 
Table 5.2: The values of the nine fitting parameters for correlating Topt 
and V to generate the VCAT9 calibration curves for iterative and FBP 
reconstructions. 
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tAC Iterative reconstruction 
min a b c d e f g h i 
1 36.82 43.82 37.58 86.42 -126.1 56.69 -1.47 5.78 -14.25 
2.5 37.30 43.57 31.22 95.41 -141.7 42.13 -5.14 9.89 -3.01 
5 38.48 26.76 44.00 84.16 -44.16 -53.02 -0.98 -33.26 39.95 
10 38.51 40.94 11.38 88.55 -101.1 38.09 -5.50 -2.48 -1.97 
15 42.34 16.41 45.00 69.60 -9.48 -66.07 8.88 -56.12 49.78 
20 39.25 32.39 22.25 80.45 -63.59 -2.13 1.63 -27.13 19.50 
30 35.58 43.32 20.52 94.17 -87.49 -8.82 -7.95 -7.08 17.26 
60 38.62 27.04 38.42 92.86 -71.76 -34.14 -11.97 -0.92 19.53 
 
tAC FBP reconstruction 
min a b c d e f g h i 
1 37.69 47.80 39.28 85.97 -100.2 19.09 -5.79 -5.03 8.95 
2.5 36.18 59.32 6.38 96.60 -130.7 50.97 -14.54 18.88 -10.23 
5 37.98 50.37 8.42 80.92 -79.57 22.16 0.93 -20.43 10.45 
10 36.27 62.99 -18.69 94.34 -120.7 71.55 -14.69 18.08 -19.43 
15 37.42 51.97 0.87 86.66 -77.08 10.10 -6.03 -14.20 14.36 
20 34.67 70.21 -25.58 100.4 -145.9 89.59 -19.22 37.06 -34.56 
30 36.11 52.57 4.45 92.70 -62.49 -22.64 -13.31 -13.11 25.91 
60 36.60 56.63 -5.38 91.09 -102.7 34.57 -11.61 8.97 -4.99 
Table 5.3: The values of the nine fitting parameters for correlating Topt 
and V to generate the VCAT27 calibration curves for iterative and FBP 
reconstructions. 
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5.5. Investigating the Accuracy of CAT9/27 and VCAT9/27 in 
Spheres 
5.5.1. CAT9/27 Accuracy in Spheres 
The CAT9 and CAT27 calibration equations with the three parameters 
presented in Table 5.1 were used to segment the PET spherical volumes in 
order to evaluate accuracy. Figure 5.7 and Figure 5.8 represent the modulus 
of percentage error in spherical volumes measurements using the CAT9 and 
CAT27 techniques respectively in IT and FBP reconstruction images at 1, 2.5, 5, 
10 and 60 min tAC. The data points represent the average of three 
measurements and the error bars in the percentage error direction represent 
the standard error between these three measurements. 
These results demonstrated that the percentage error in spherical 
volume measurements using the CAT9 and CAT27 were well within the 
acceptable error for radiotherapy treatment planning for volumes > 1.15 ml in 
case of using the Lmax9 and volumes > 2.57 ml in case of using the Lmax27. 
Moreover, the CAT9/27 method proved to have low sensitivity to the noise 
because it accurately segmented the spheres volumes (except for the 
previously mentioned small volumes compared to the 9 and 27 voxels 
volumes for low contrast and high noise with Co ~ 2 and tAC = 1 min). 
The CAT method failed to segment the smallest spherical volume (0.53 
ml) at Co ~ 2 and tAC = 2.5 min in case of using Lmax9, and tAC = 2.5 and 5 
min in case of using Lmax27. This failure was due to calculating an optimum 
threshold which was higher than the maximum uptake within this sphere 
volume. This may be due to the difference between the 9 and 27 voxels 
volumes compared with the sphere volume (0.53 ml). 
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Figure 5.7: The modulus of percentage error in measuring spherical 
volumes using the CAT9 for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The error bars represent the standard error from 
three experiments. The black dotted line represents the acceptable 
error. A logarithmic scale in the percentage error direction has been 
used. 
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Figure 5.8: The modulus of percentage error in measuring spherical 
volumes using the CAT27 for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The error bars represent the standard error from 
three experiments. The black dotted line represents the acceptable 
error. A logarithmic scale in the percentage error direction has been 
used. 
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5.5.2. VCAT9/27 Accuracy in Spheres 
The VCAT9 and VCAT27 calibration equations with the nine parameters 
presented in Table 5.2 and Table 5.3 respectively were used to segment the 
PET spherical volumes in order to evaluate accuracy. Figure 5.9 and Figure 
5.10 show the percentage errors in spherical volume measurements using the 
VCAT9 and VCAT27 techniques in IT and FBP reconstructed images at tAC = 1, 
2.5, 5, 10 and 60 min. 
These data demonstrate that the percentage error in measuring the 
spherical lesions using the VCAT9 and VCAT27 was better in general for IT than 
FBP reconstruction technique; however the results of both reconstruction 
techniques were well within the acceptable error. Regarding the IT data, 
surprisingly, the VCAT9 and VCAT27 was adequate enough to segment the 
whole spheres volumes in all acquisition times; except for V = 1.15ml at tAC = 
10 min. In the FBP data, the VCAT9 and VCAT27 proved also to be able to 
determine the PET spherical volumes in case of Co > 3 where V ≤ 1.15 ml. 
Also, the methods proved to work acceptably at the highest noise level with 
tAC = 1 min. These results indicate that VCAT9 and VCAT27 could be used with 
confidence on the large patients. Generally, the percentage errors continue to 
decline with the large volumes and Co values. 
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Figure 5.9: The modulus of percentage error in measuring spherical 
volumes using the VCAT9 for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The error bars represent the standard error from 
three experiments. The black dotted line represents the acceptable 
error. A logarithmic scale in the percentage error direction has been 
used. 
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Figure 5.10: The modulus of percentage error in measuring spherical 
volumes using the VCAT27 for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The error bars represent the standard error from 
three experiments. The black dotted line represents the acceptable 
error. A logarithmic scale in the percentage error direction has been 
used. 
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5.5.3. CAT9/27 and VCAT9/27 Accuracy Using 60 Minute 
Single Calibration Curve 
Investigations were carried out to evaluate the accuracy of using a single 
calibration curve obtained at one value of tAC, namely 60 min. The 60 minute 
calibration curves for CAT9 (CAT9-60), CAT27 (CAT27-60), VCAT9 (VCAT9-60), 
and VCAT27 (VCAT27-60) were used to segment the spherical lesions across all 
values of tAC (1, 2.5, 5, and 10 min). 
Figure 5.11 and Figure 5.12 show the modulus error in segmenting 
spherical lesions using CAT9-60 and CAT27-60 respectively for IT and FBP at 1, 
2.5, 5, and 10 min tAC. Generally, the use of CAT9-60 and CAT27-60 produced 
similar errors for both IT and FBP across all tAC. The resulting percentage error 
continued to decrease with increasing tAC for the two techniques. Both 
techniques failed to segment for V ≤ 5.55 ml at tAC = 1 min in the two 
reconstruction techniques. However, in for tAC > 1 min, the two techniques 
were able to segment for V > 1.15 ml and Co > 3. 
Figure 5.13 and Figure 5.14 show the modulus error in segmenting 
spherical lesions using VCAT9-60 and VCAT27-60 respectively for IT and FBP at 
1, 2.5, 5, and 10 min tAC. As seen in CAT9-60 and CAT27-60, both VCAT9-60 
and VCAT27-60 produced similar errors for both IT and FBP reconstructions, 
with the IT results were better than FBP across all tAC. The figures show that 
in case of IT reconstruction the use of VCAT9-60 and VCAT27-60 were able to 
segment all volumes across all studied tAC within the acceptable error, except 
for V = 1.15 ml and Co = 2 at tAC = 60 min. Similar results were found in 
using VCAT27-60. The two techniques were also able to segment all volumes 
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at all studied Co in case of FBP at tAC = 1min. With increasing the tAC, the 
resulting percentage error for small volumes at low Co using the two 
techniques increased where the two techniques failed to segment for V ≤ 2.57 
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Figure 5.11: The modulus of percentage error in measuring spherical 
volumes using 60 minute CAT9 calibration curve method for IT (left side) 
with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right side) 
with the same tAC values (e, f, g, h). The error bars represent the 
standard error from three experiments. The black dotted line represents 
the acceptable error. A logarithmic scale in the percentage error 
direction has been used. 
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Figure 5.12: The modulus of percentage error in measuring spherical 
volumes using 60 minute CAT27 calibration curve method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right 
side) with the same tAC values (e, f, g, h). The error bars represent the 
standard error from three experiments. The black dotted line represents 
the acceptable error. A logarithmic scale in the percentage error 
direction has been used. 
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Figure 5.13: The modulus of percentage error in measuring spherical 
volumes using 60 minute VCAT9 calibration curve method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right 
side) with the same tAC values (e, f, g, h). The error bars represent the 
standard error from three experiments. The black dotted line represents 
the acceptable error. A logarithmic scale in the percentage error 
direction has been used. 
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Figure 5.14: The modulus of percentage error in measuring spherical 
volumes using 60 minute VCAT27 calibration curve method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right 
side) with the same tAC values (e, f, g, h). The error bars represent the 
standard error from three experiments. The black dotted line represents 
the acceptable error. A logarithmic scale in the percentage error 
direction has been used. 
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5.5.4. Comparison with fixed thresholding method 
Figure 5.15 and Figure 5.16 show the modulus percentage error in spherical 
lesions measurements using the 40% fixed threshold method applied using 
the 9 (40%9) and 27 (40%27) voxel lesion maxima for IT and FBP at tAC = 1, 
2.5, 5, 10, and 60 min. It is clear form the figures that the use of 40%9 and 
40%27 failed to accurately segment for V < 1.15 ml what ever the contrast 
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Figure 5.15: The modulus of percentage error in measuring spherical 
volumes using 40% of Lmax9 fixed thresholding method for IT (left side) 
with different tAC = 1(a), 2.5(b), 5(c), 10(d), 60(e) minute and FBP 
(right side) with the same tAC values (f, g, h, i, j). The error bars 
represent the standard error from three experiments. The black dotted 
line represents the acceptable error. A logarithmic scale in the 
percentage error direction has been used. 
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Figure 5.16: The modulus of percentage error in measuring spherical 
volumes using 40% of Lmax27 fixed thresholding method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d), 60(e) minute and FBP 
(right side) with the same tAC values (f, g, h, i, j). The error bars 
represent the standard error from three experiments. The black dotted 
line represents the acceptable error. A logarithmic scale in the 
percentage error direction has been used. 
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5.6. Investigating the Accuracy of CAT9/27 and VCAT9/27 in 
Irregular Volumes 
5.6.1. CAT9/27 Accuracy in Irregular Volumes 
The CAT9 and CAT27 were investigated in different geometries than those used 
to generate the calibration curves. Therefore, the CAT9 and CAT27 were 
applied to the two families of irregular volumes, top-hat and crescent shapes, 
and the results are shown in. Figure 5.17 and Figure 5.18. 
The resulting percentage errors of using the CAT9 and CAT27 in the 
irregular shapes showed similar results in case of IT reconstruction techniques. 
Similar results were found for FBP reconstruction, although for CAT27, the 
method was unable to segment the crescent smallest volume (4.89 ml). 
Generally, the resulting percentage errors of IT were better than those of FBP. 
For IT, the resulting percentage errors for the crescent volume 4.89ml were 
higher than the acceptable error in all acquisition times when Co ~ 50; similar 
results were obtained for top-hat volume 30.0 ml at tAC = 1 min for both CAT9 
and CAT27. For FBP, the use of the CAT9 and CAT27 was unable to segment the 
top-hat volume 8.69 ml for all tAC, and the crescent volume 4.89 ml in the 
case of CAT27. 
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Figure 5.17: The modulus of percentage error in measuring irregular 
volumes using the CAT9 for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The solid points and lines represent the top-hat 
while the hollow points and dotted lines represent the crescent irregular 
volumes. The black dotted line represents the acceptable error. 
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Figure 5.18: The modulus of percentage error in measuring irregular 
volumes using the CAT27 for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The solid points and lines represent the top-hat 
while the hollow points and dotted lines represent the crescent irregular 
volumes. The black dotted line represents the acceptable error. 
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5.6.2. VCAT9/27 Accuracy in Irregular Volumes 
The accuracy of the VCAT9 and VCAT27 techniques were investigated for the 
irregular top-hat and crescent volumes. Figure 5.19 and Figure 5.20 show the 
resulting percentage errors. 
The percentage errors of applying the VCAT9 and VCAT27 were within 
the acceptable error for all acquisition times for both IT and FBP except for 
crescent volume 4.89 ml with IT reconstruction. The error decreases to a 
minimum of approximately 10% at large volume and high contrast. The errors 
across all acquisition times for the smallest top-hat (8.69 ml) and crescent 
(4.89 ml) were less than 20% and 60% respectively. 
The percentage errors of applying the VCAT27 were within the 
acceptable error for all acquisition times for both IT and FBP except for 
crescent volume 4.89 ml. Otherwise, the resulting percentage errors were 
well within the acceptable error across all shapes, sizes, and reconstruction 
techniques. The percentage errors remain under 20% for all volumes and 
observed contrasts. 
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Figure 5.19: The modulus of percentage error in measuring irregular 
volumes using the VCAT9 for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The solid points and lines represent the top-hat 
while the hollow points and dotted lines represent the crescent irregular 
volumes. The black dotted line represents the acceptable error. 
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Figure 5.20: The modulus of percentage error in measuring irregular 
volumes using the VCAT27 for IT (left side) with different tAC = 1(a), 
2.5(b), 5(c), 10(d), 60(e) minute and FBP (right side) with the same tAC 
values (f, g, h, i, j). The solid points and lines represent the top-hat 
while the hollow points and dotted lines represent the crescent irregular 
volumes. The black dotted line represents the acceptable error. 
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5.6.3. CAT9/27 and VCAT9/27 Accuracy Using 60 Minute 
Single Calibration Curve 
Investigations were carried out to evaluate the accuracy of using a single 
calibration curve obtained at one value of tAC. The 60 minute calibration cures 
for CAT9 (CAT9-60), CAT27 (CAT27-60), VCAT9 (VCAT9-60), and VCAT27 
(VCAT27-60) were used to segment the irregular lesions across other different 
tAC (1, 2.5, 5, and 10 min). 
Figure 5.21 and Figure 5.22 show the modulus error in segmenting 
irregular lesions using CAT9-60 and CAT27-60 for IT and FBP respectively. 
Generally, the use of CAT9-60 and CAT27-60 produced similar errors for both 
IT and FBP across all tAC where IT was better than FBP reconstructions, except 
for a small difference in the smallest crescent volume = 4.89 ml. CAT27-60 
succeeded in segmenting the top-hat volume 30.0 ml within the acceptable 
error, whereas CAT9-60 did not. This suggests that image noise reduction in 
defining Lmax is achieved with the 27 voxel zone but not with the 9 voxel 
zone. 
Figure 5.23 and Figure 5.24 show the modulus error in segmenting 
irregular lesions using VCAT9-60 and VCAT27-60 respectively for IT and FBP. 
As with CAT9-60 and CAT27-60, both VCAT9-60 and VCAT27-60 produced 
similar errors for both IT and FBP reconstructions, except for a small 
difference in the smallest crescent volume = 4.89 ml. The figures show that 
the two techniques, VCAT9-60 and VCAT27-60, accurately segmented all 
irregular lesions within the acceptable error except for the smallest crescent 
volume (4.89 ml). 
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Figure 5.21: The modulus of percentage error in measuring irregular 
volumes using 60 minute CAT9 calibration curve method for IT (left side) 
with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right side) 
with the same tAC values (e, f, g, h). The solid points and lines represent 
the top-hat while the hollow points and dotted lines represent the 
crescent irregular volumes. The black dotted line represents the 
acceptable error. 
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Figure 5.22: The modulus of percentage error in measuring irregular 
volumes using 60 minute CAT27 calibration curve method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right 
side) with the same tAC values (e, f, g, h). The solid points and lines 
represent the top-hat while the hollow points and dotted lines represent 
the crescent irregular volumes. The black dotted line represents the 
acceptable error. 
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Figure 5.23: The modulus of percentage error in measuring irregular 
volumes using 60 minute VCAT9 calibration curve method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right 
side) with the same tAC values (e, f, g, h). The solid points and lines 
represent the top-hat while the hollow points and dotted lines represent 
the crescent irregular volumes. The black dotted line represents the 
acceptable error. 
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Figure 5.24: The modulus of percentage error in measuring irregular 
volumes using 60 minute VCAT9 calibration curve method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d) minute and FBP (right 
side) with the same tAC values (e, f, g, h). The solid points and lines 
represent the top-hat while the hollow points and dotted lines represent 
the crescent irregular volumes. The black dotted line represents the 
acceptable error. 
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5.6.4. Comparison With Fixed Thresholding Method 
The use of 40% fixed thresholding technique with Lmax9 (40%9) and Lmax27 
(40%27) were investigated in irregular lesions. 
Figure 5.25 and Figure 5.26 present the modulus percentage error in 
measuring irregular lesions using 40%9 and 40%27 respectively. It showed 
similar percentage errors in using the two techniques. It also showed that 
neither 40%9 nor 40%27 segmented the smallest crescent volume (4.89 ml) 
across all studied conditions within the acceptable error; also, for all top-hat 
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Figure 5.25: The modulus of percentage error in measuring irregular 
volumes using 40% of Lmax9 fixed thresholding method for IT (left side) 
with different tAC = 1(a), 2.5(b), 5(c), 10(d), 60(e) minute and FBP 
(right side) with the same tAC values (f, g, h, i, j). The solid points and 
lines represent the top-hat while the hollow points and dotted lines 
represent the crescent irregular volumes. The black dotted line 
represents the acceptable error. 
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Figure 5.26: The modulus of percentage error in measuring irregular 
volumes using 40% of Lmax27 fixed thresholding method for IT (left 
side) with different tAC = 1(a), 2.5(b), 5(c), 10(d), 60(e) minute and FBP 
(right side) with the same tAC values (f, g, h, i, j). The solid points and 
lines represent the top-hat while the hollow points and dotted lines 
represent the crescent irregular volumes. The black dotted line 
represents the acceptable error. 
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5.7. Concordance Measurement Results 
Concordance measurements were carried out to investigate the similarity 
between the true irregular volumes, from the CT, and the CAT9/27 and 
VCAT9/27 segmented PET volumes. Jaccard and Dice similarities measurements 
were employed for these comparisons. 
The PET segmented volumes were written into a binary image with the 
same matrix size of the PET images (128 × 128 × 47). The true volumes were 
determined from the CT images using Iodine contrast (concentration ranging 
from 4.5 – 3.5 mg/ml). A threshold value was determined for each individual 
phantom volume that produced a CT volume equal to the true volume and 
then written into a binary image with the same matrix size of 512 × 512 × 47. 
A bilinear interpolation was used to up-sampled the PET segmented volumes 
to match the CT matrix size. Also, the PET segmented volumes were re-scaled 
to 50 cm FoV using a linear interpolation. 
Figure 5.27 and Figure 5.28 show the results of Dice and Jaccard 
similarity coefficients measurements in segmenting top-hat and crescent 
irregular volumes using the CAT9 and CAT27 respectively at 1, 2.5, 5, 10 and 
60 min acquisition times for both IT and FBP images. These results 
demonstrate that the top-hat volumes were closer in similarity with the true 
volume than the crescent volumes. There was no difference in the resulting 
similarity coefficient between using CAT9 and CAT27. 
Figure 5.29 and Figure 5.30 show the results of Dice and Jaccard 
similarity coefficients measurements in segmenting top-hat and crescent 
irregular volumes using the VCAT9 and VCAT27 respectively at 1, 2.5, 5, 10 
and 60 min acquisition times for both IT and FBP images. Generally, these 
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results were better than those obtained using the CAT9 and CAT27. There was 
agreement in the results of the top-hat and crescent volumes. These results 
demonstrate good agreement between the VCAT9 and VCAT27 in both the top-
hat and crescent volumes > 1.15ml in case of IT and volumes > 2.57ml in 
case of FBP. Also, there was found to be no difference in the resulting 
similarities coefficient between using Lmax9 and Lmax27. 
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Figure 5.27: Dice similarity coefficient at 1, 2.5, 5, 10 and 60 min 
acquisition times (a, b, c, d and e) and Jaccard similarity coefficient (f, 
g, h, i and j) for the top hat (TH) and crescent (CS) phantoms with IT 
and FBP reconstruction techniques using CAT9. 
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Figure 5.28: Dice similarity coefficient at 1, 2.5, 5, 10 and 60 min 
acquisition times (a, b, c, d and e) and Jaccard similarity coefficient (f, 
g, h, i and j) for the top hat (TH) and crescent (CS) phantoms with IT 
and FBP reconstruction techniques using CAT27. 
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Figure 5.29: Dice similarity coefficient at 1, 2.5, 5, 10 and 60 min 
acquisition times (a, b, c, d and e) and Jaccard similarity coefficient (f, 
g, h, i and j) for the top hat (TH) and crescent (CS) phantoms with IT 
and FBP reconstruction techniques using VCAT9. 
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Figure 5.30: Dice similarity coefficient at 1, 2.5, 5, 10 and 60 min 
acquisition times (a, b, c, d and e) and Jaccard similarity coefficient (f, 
g, h, i and j) for the top hat (TH) and crescent (CS) phantoms with IT 
and FBP reconstruction techniques using VCAT27. 
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5.8. Euclidean Distance Transformation 
The Euclidean distance transformation was used to compare the spatial 
location between the true volume (obtained from the CT) and the segmented 
PET volumes. Two distance maps were generated from the true binary image. 
One distance map represents the distances in mm inside the true volume 
(negative) and the other represents the distance in mm outside the true 
volume (positive). The surface of the PET segmented volume was then 
calculated and its location compared with the new combined distance map. So, 
the resulting distance value will be negative if the surface of the PET 
segmented volume was inside the true volume and will be positive if it was 
outside the true volume. 
Figure 5.31 and Figure 5.32 show the histograms of the distances 
between the surface of true volumes (CT) and the surface of the segmented 
volumes using the CAT9 and CAT27 at 1, 2.5, 5, 10 and 60 min tAC for IT and 
FBP images. These histograms demonstrate that the distances between the 
two surfaces were centred on zero distance; however a small percentage of 
the surfaces were overlapped. The percentages of the overlap between the 
two surfaces vary among the volume sizes, shapes and reconstruction 
techniques. 
Figure 5.33 and Figure 5.34 show the histograms of the distances 
between the surface of true volumes and the surface of the segmented 
volumes using the VCAT9 and VCAT27 at tAC = 1, 2.5, 5, 10 and 60 min for IT 
and FBP images. These results were better than those obtained using the CAT 
method with the maximum lesion uptake defined by the mean of 9 and 27 
voxels. 
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Generally, the results of using the CAT9/27 and VCAT9/27 techniques in 
top-hat volumes were better than in crescent volumes. The top-hat results 
were more centralized while the crescent results were more shifted towards 
the positive distance, indicating that the methods segmented larger volumes. 
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Figure 5.31: Differential (a, b, c, d, e) and cumulative (f, g, h, i, j) 
histograms of the nearest distance between the surface of reference CT 
images and segmented PET volumes using CAT9 for top-hat and crescent 
irregular volumes at 1, 2.5, 5, 10 and 60 min tAC for IT (solid) and FPB 
(dashed) respectively developed by using the Euclidean distance 
transformation. 
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Figure 5.32: Differential (a, b, c, d, e) and cumulative (f, g, h, i, j) 
histograms of the nearest distance between the surface of reference CT 
images and segmented PET volumes using CAT27 for top-hat and 
crescent irregular volumes at 1, 2.5, 5, 10 and 60 min tAC for IT (solid) 
and FPB (dashed) respectively developed by using the Euclidean 
distance transformation. 
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Figure 5.33: Differential (a, b, c, d, e) and cumulative (f, g, h, i, j) 
histograms of the nearest distance between the surface of reference CT 
images and segmented PET volumes using VCAT9 for top-hat and 
crescent irregular volumes at 1, 2.5, 5, 10 and 60 min tAC for IT (solid) 
and FPB (dashed) respectively developed by using the Euclidean 
distance transformation. 
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Figure 5.34: Differential (a, b, c, d, e) and cumulative (f, g, h, i, j) 
histograms of the nearest distance between the surface of reference CT 
images and segmented PET volumes using VCAT27 for top-hat and 
crescent irregular volumes at 1, 2.5, 5, 10 and 60 min tAC for IT (solid) 
and FPB (dashed) respectively developed by using the Euclidean 
distance transformation. 
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5.9. Statistical Comparison of VCAT9/27 and CAT9/27 
5.9.1. Spherical Lesions 
A further eight new PET segmentation techniques, in total, based on the 
definition of Lmax9 (CAT9, CAT9-60, VCAT9, VCAT9-60) and Lmax27 (CAT27, 
CAT27-60, VCAT27, VCAT27-60) were evaluated and were compared with the 
corresponding use of 40%9 and 40%27 fixed thresholding techniques. 
Statistical analyses were carried out to evaluate the performance of each 
corresponding five different techniques having the same Lmax definition. The 
same strategy employed for comparing the differences between the 
techniques presented in chapter 4 was also employed: the CI was calculated 
for each spherical volume under all studied conditions, then these five 
techniques were ranked based on the calculated CI, the mean rank across all 
the conditions was determined for each techniques, and, finally, a test of 
statistical significance, the Friedman ranking test, was carried out on the 
differences between these techniques. 
The Friedman test statistic for CAT9, CAT9-60, VCAT9, and VCAT9-60 
techniques was 746.44 (p << 0.0001), which means that the difference 
between one technique (or more) and the other techniques was highly 
significant. A least significant difference procedure following the Friedman test 
was carried out to test the pairwise significance between the five techniques 
(10 pairs) using a calculated critical difference, maintaining an overall error 
rate of 5% for all paired comparisons. The mean ranks for these five 
techniques across all studied conditions and the critical difference are 
presented in Table 5.4. 
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VCAT9 VCAT9-60 CAT9 CAT9-60 40%9 Critical Difference 
1.71 2.20 3.04 3.12 4.94 0.363 
Table 5.4: The mean rank order with the calculated critical difference for 
the pairwise comparisons between the use of CAT9, CAT9-60, VCAT9, 
VCAT9-60, and 40%9 techniques in all spherical lesions. The techniques 
sharing the same green bar are not statistically significantly different. 
These mean ranks show the ranking order of these five techniques from 
lowest to highest rank, and that there was a statistically significant difference 
between the use of VCAT9 and the other four techniques, as well as a 
significant difference between VCAT9-60 and the followed three techniques. 
There was no significant difference between CAT9 and CAT9-60, while there 
was a significant difference between these two techniques and the use of 
40%9. 
The Friedman test statistic for CAT27, CAT27-60, VCAT27, and VCAT27-60 
techniques was 746.44 (p << 0.0001), which means that the difference 
between one technique (or more) and the other techniques was highly 
significant. The mean ranks and the critical difference for these five 
techniques across all studied conditions are presented in Table 5.5. 
VCAT27 VCAT27-60 CAT27 CAT27-60 40%27 Critical Difference 
1.72 2.30 2.99 3.09 4.89 0.363 
Table 5.5: The mean rank order with the calculated critical difference for 
the pairwise comparisons between the use of CAT27, CAT27-60, VCAT27, 
VCAT27-60, and 40%27 techniques in all spherical lesions. The techniques 
sharing the same green bar are not statistically significantly different. 
These mean ranks show the ranking order of these five techniques from 
lowest to highest rank. There was a statistically significant difference between 
the use of VCAT27 and the other four techniques, as well as a significant 
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difference between the use of VCAT27-60 and the remaining three techniques. 
There was no significant difference between the use of CAT27 and CAT27-60 
while there was a significant difference between these two techniques and the 
use of 40%27. These results of for using Lmax27 were identical to the use of 
Lmax9. 
5.9.2. Irregular lesions 
The same strategy employed for comparing the differences between the ten 
techniques presented in spherical lesions was also employed in the irregular 
lesions comparisons. 
The Friedman test statistic for CAT9, CAT9-60, VCAT9, and VCAT9-60 
techniques was 244.23 (p << 0.0001), which means that the difference 
between one technique (or more) and the other techniques was highly 
significant. The mean ranks and the critical difference for these five 
techniques across all studied conditions are presented in Table 5.6. 
VCAT9 VCAT9-60 CAT9 CAT9-60 40%9 Critical Difference 
2.11 2.42 2.79 3.56 4.10 0.424 
      
Table 5.6: The mean rank order with the calculated critical difference for 
the pairwise comparisons between the use of CAT9, CAT9-60, VCAT9, 
VCAT9-60, and 40%9 techniques in all irregular lesions. The techniques 
sharing the same green bar are not statistically significantly different. 
These mean ranks show the ranking order of these five techniques from 
lowest to highest rank and that there were no significant differences between 
using either VCAT9 and VCAT9-60 or VCAT9-60 and CAT9 techniques, however, 
there was a significant difference between these three techniques and the use 
of CAT9-60 and 40%9. It also show that there was a significant difference in 
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using VCAT9 compared with CAT9, CAT9-60 and 40%9, as well as between 
CAT9 and CAT9-60 and between these two techniques and 40%9. 
The Friedman test statistic for CAT27, CAT27-60, VCAT27, and VCAT27-60 
techniques was 216.19 (p << 0.0001), which means that the difference 
between one technique (or more) and the other techniques was highly 
significant. The mean ranks and the critical difference for these five 
techniques across all studied conditions are presented in Table 5.7. 
VCAT27 VCAT27-60 CAT27 CAT27-60 40%27 Critical Difference 
2.21 2.46 2.75 3.51 4.07 0.424 
      
Table 5.7: The mean rank order with the calculated critical difference for 
the pairwise comparisons between the use of CAT27, CAT27-60, VCAT27, 
VCAT27-60, and 40%27 techniques in all irregular lesions. The techniques 
sharing the same green bar are not statistically significantly different. 
These mean ranks show exactly the same statistical significances between 
these five techniques that were seen in using Lmax9. 
5.10. Statistical Comparison of techniques using Lmax, 
Lmax9 or Lmax27 
All the comparisons done in the previous two sections or in the statistical 
analysis section in chapter 4 were done within the same definitions of the 
observed contrast; i.e. using Lmax, Lmax9, or Lmax27. Further analyses were 
carried out to compare the difference between all 15 techniques studied (CAT1, 
VCAT1, CAT1-60, VCAT1-60, CAT9, VCAT9, CAT9-60, VCAT9-60, CAT27, VCAT27, 
CAT27-60, VCAT27-60, 40%1, 40%9, 40%27) across all the studied conditions 
using the same strategy as employed in the previous statistical analyses. 
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5.10.1. Comparisons of all techniques in spherical lesions 
The Friedman test statistic for the fifteen techniques in spherical lesions was 
2300.72 (p << 0.0001), which means that the difference between one 
technique (or more) and the other techniques was highly significant. The 
calculated critical difference for the pairwise significance to maintaining an 
overall error rate of 5% for all paired comparisons was 1.28. The mean rank, 
presented in Table 5.8, showed that the VCAT1 technique performed best with 
the lowest rank, and was not significantly different from CAT1 and VCAT9. 
However, the fixed threshold method using of either 40%1, 40%9, or 40%27 
had the worst performance with the highest values of rank. There was no 
significant difference between the use of 40%9 and 40%27, or between 40%1, 
CAT27-60 and CAT27. 
It was observed that the smallest spherical lesion results were having 
a large impact on the above, probably due to this lesion being comparable in 
size to the volume of the 9 and 27 voxel zones being used to determine the 
maximum lesion uptake. Therefore, the analyses were repeated excluding the 
two smallest spherical lesions (0.53 and 1.15 ml). The Friedman test statistic 
for the fifteen techniques in spherical lesions > 1.15 ml was 1479.60 (p << 
0.0001), which means that the difference between one technique (or more) 
and the other techniques was highly significant. The calculated critical 
difference for the pairwise significant to maintaining an overall error rate of 
5% for all paired comparisons was 1.56. The mean ranks for these fifteen 
techniques across all studied conditions are presented in Table 5.9. It is clear 
that this analysis produced the same rank order as in using the whole range 
of spherical volumes for the fifteen techniques; however, differences were 
obtained in the significance grouping (represented by the green bars). The 
VCAT1 technique produced the lowest rank order with no statistically 
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significant difference from CAT1, VCAT9, and CAT1-60. The use of 40%1, 40%9, 
or 40%27 produced the highest values of rank, with no significant difference 
between the use of 40%9 and 40%27, or between the use of 40%1 and CAT9-
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CAT27 40%1 40%9 40%27 
3.81 4.47 4.98 5.41 5.65 5.82 6.04 7.60 8.68 8.87 9.78 9.96 10.47 13.78 14.68 
               
               
               
               
               
               
Table 5.8: The mean rank order for the pairwise comparisons between the use of the 15 techniques in all spherical lesions. 
The calculated critical difference for these pairwise comparisons was 1.28. The techniques sharing the same green bar are 
not statistically significantly different. 












CAT27 40%1 40%9 40%27 
4.30 4.37 4.81 5.27 5.90 6.07 6.18 7.27 8.65 8.90 9.86 9.90 10.14 13.72 14.68 
               
               
               
               
               
               
Table 5.9: The mean rank order for the pairwise comparisons between the use of the 15 techniques in spherical lesions > 
1.15 ml. The calculated critical difference for these pairwise comparisons was 1.56. The techniques sharing the same green 
bar are not statistically significantly different. 
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5.10.2. Comparisons of all techniques in irregular lesions 
The Friedman test statistic for the fifteen techniques in irregular lesions was 
1039.18 (p << 0.0001), which means that the difference between one 
technique (or more) and the other techniques was highly significant. The 
calculated critical difference for the pairwise significant to maintaining an 
overall error rate of 5% for all paired comparisons was 1.49. The mean ranks 
for these fifteen techniques across all studied conditions are presented in 
Table 5.10. It is clear that VCAT1 technique produced the lowest rank with no 
statistically significant difference from VCAT1-60. However, the using either 
CAT27-60, 40%9, or 40%27 produced the highest values of rank, with no 
statistically significant difference between these three techniques, or between 
the use of CAT9-60, CAT27-60 and 40%9. 
Another analysis was carried out for the difference in using the fifteen 
techniques in top-hat and crescent irregular lesions and separately. The 
Friedman test statistic for the fifteen techniques in top-hat lesions was 782.89 
(p << 0.0001), which means that the difference between one technique (or 
more) and the other techniques was highly significant. The calculated critical 
difference for the pairwise significant to maintaining an overall error rate of 
5% for all paired comparisons was 2.03. The mean ranks for these fifteen 
techniques across all studied conditions are presented in Table 5.11. It 
revealed a change in the ranking order of the fifteen techniques where, in this 
analysis, the use of CAT1 technique was the least rank while there was no 
significant difference between this technique and the use of VCAT1, VCAT9, 
and VCAT1-60. On the other hand, the use of 40%27 maintained its position of 
being the highest rank order. 
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The Friedman test statistic for the fifteen techniques in crescent lesions 
was 618.86 (p << 0.0001), which means that the difference between one 
technique (or more) and the other techniques was highly significant. The 
calculated critical difference for the pairwise significant to maintaining an 
overall error rate of 5% for all paired comparisons was 2.21. The mean ranks 
for these fifteen techniques across all studied conditions are presented in 
Table 5.12. It revealed a slightly change in the ranking order compared with 
taking in consideration the whole types of irregular volumes in terms of lowest 


























3.64 4.68 5.78 6.15 6.53 6.92 7.26 7.78 7.92 8.47 9.22 10.16 11.28 11.43 12.77 
               
               
               
               
               
               
               
               
Table 5.10: The mean rank order for the pairwise comparisons between the use of the 15 techniques in all irregular lesions. 
The calculated critical difference for these pairwise comparisons was 1.49. The techniques sharing the same green bar are 
not statistically significantly different. 
 













3.74 3.93 5.24 5.45 6.02 6.74 6.76 7.32 7.76 8.58 10.14 11.25 11.58 12.24 13.25 
               
               
               
               
               
               
               
Table 5.11: The mean rank order for the pairwise comparisons between the use of the 15 techniques in all top-hat lesions. 
The calculated critical difference for these pairwise comparisons was 2.03. The techniques sharing the same green bar are 



























3.30 3.78 3.84 4.94 6.42 7.13 8.47 9.03 9.03 9.30 9.32 10.47 11.32 11.48 12.20 
               
               
               
               
               
               
Table 5.12: The mean rank order for the pairwise comparisons between the use of the 15 techniques in all crescent lesions. 
The calculated critical difference for these pairwise comparisons was 2.21. The techniques sharing the same green bar are 
not statistically significantly different. 
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5.11. Discussion 
The VCAT1 and CAT1 techniques require a measurement of the observed lesion 
contrast, which in turn requires a measurement of the maximum lesion 
uptake. In the initial implementation of the techniques, presented in chapter 3, 
this maximum lesion uptake was taken to be that of the highest voxel value, 
Lmax, in the lesion. Due to the possibility of this being influenced by image 
noise, the impact was investigated of defining the maximum lesion uptake 
Lmax9 or Lmax27 as the mean of the 9 or 27 neighbouring voxels respectively. 
Because this could impact not only on the application of the technique, but 
also on the system calibration, new calibration curves were generated for the 
CAT9/27 and VCAT9/27 techniques. These were evaluated on the spherical and 
irregular phantom volumes, for a range of parameters giving a total of 12 
instances of VCAT/CAT, which were compared with a fixed 40% threshold 
method. This 40% threshold was applied using the different definitions of 
maximum lesion uptake, Lmax, Lmax9 and Lmax27, giving a total of 15 
techniques; the performances of which were compared by statistical analyses. 
The volumes of the 9 and 27 voxel regions (~1 ml and ~2.7 ml 
respectively) are not insignificant relative to the size of small tumours and the 
smaller lesions used in the phantom studies, and this appeared to be the main 
limitation of using Lmax9 and Lmax27 for maximum lesion uptake. For 
example, from Figure 5.2, Figure 5.3 and Figure 5.4 it can be seen that the 
values of the observed contrast using Lmax9 and Lmax27 are the same for all 
volumes greater than or equal to 11.5 ml for FBP (panel f – j). 
The calibration curves for CAT9 and CAT27, Figure 5.4, were almost the 
same, with only a 2% difference in the constant, a, in the CAT9/27 calibration 
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equations, as listed in Table 5.1. However, comparing IT and FBP there was a 
greater difference, 13%, between the values of the constant, a, 54 ± 4 and 
47 ± 1.6. For the VCAT9 and VCAT27 calibrations the same small 2% 
difference was found , as listed in Table 5.2 and Table 5.3, and this case only 
2% difference also between IT (a = 39 ± 2) and FBP (a = 37 ± 1). 
For spherical volumes, both CAT9 and CAT27 were able to segment 
spherical volumes greater than 1.15 ml, for observed contrasts in excess of 2. 
These methods were unable to segment volumes smaller than 1.15 ml even 
with high contrast, because the low background level has been included in the 
9 and 27 voxel regions reducing the Lmax9 and Lmax27., thereby artificially 
reducing the value of Co. Otherwise, the CAT9 and CAT27 were sufficiently 
accurate for the purpose of radiotherapy treatment planning, as shown in 
Figure 5.7 and Figure 5.8. The results of the VCAT9 and VCAT27 for 
determining spherical lesion volumes were even better than for CAT9/27, 
especially in the case of IT reconstruction. VCAT9 and VCAT27 were accurate 
over a wider range than CAT9 and CAT27, accurately segmenting all volumes 
down to the smallest sphere, 0.53 ml, at all acquisition times including tAC = 1 
min. 
For the irregular volumes, the application of the CAT9 and CAT27 were 
better in IT than in FBP. The method tended to segment the top-hat volumes 
more accurately than the crescent volumes, as shown in Figure 5.17 and 
Figure 5.18. This may be due to the more extreme complexity of the crescent 
volume than the top-hat. Which could results in locating the maximum, and 
hence the 9 and 27 voxels regions, near or next to the background or the 
inner cylinder which contains a different activity, thereby artificially affecting 
Co. As with spherical lesions, for irregular volumes VCAT9 and VCAT27 were 
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better than the CAT9/27 techniques. The VCAT27 was able to segment the 
irregular volumes except the smallest crescent volume, for the same reasons 
given above for CAT9/27. However, surprisingly VCAT9 performed better on FBP 
images than IT, being able to segment all the irregular volumes, including the 
smallest. 
Concordance measurements also revealed that VCAT9 and VCAT27 were 
better than CAT9 and CAT27. The Euclidean distance transformation revealed 
that the distances between the surfaces of the true and segmented volumes 
using both VCAT9/27 and CAT9/27 on FBP images tended to bias towards the 
positive distance, i.e. segment a larger volume, whereas on IT images there 
was no such bias and the distances were normally distributed. 
The statistical analyses in the spherical and irregular lesions, 
comparing five techniques of using Lmax9 (VCAT9, CAT9, VCAT9-60, CAT9-60, 
40%9) and Lmax27 (VCAT27, CAT27, VCAT27-60, CAT27-60, 40%27) revealed a 
different ranking orders, but the lowest and highest were the same for both 
spherical and irregular lesions: VCAT9/27 had the lowest (best) rank and 
40%9/27, had the highest (worst) rank value. 
The statistical analyses of all fifteen techniques in spherical lesions 
revealed that VCAT1 was always ranked lowest, and is therefore the best 
technique. Similar findings were found for all irregular lesions combined, for 
crescent lesions alone, with VCAT1 having the lowest rank, but for the top-hat 
lesions alone, CAT1 had the lowest rank, but there was not a statistically 
significant difference between it and the next ranked technique, VCAT1. 




Chapter 6:           
PRELIMINARLY INVESTIGATION IN 
PATIENTS 
6.1. Introduction 
Having proven the accuracy of the newly developed PET/CT segmentation 
techniques, VCAT and CAT♣, in spherical and irregular lesions phantoms, the 
next stage was to investigate their application to real patient situations. The 
main aim of was to carry out a preliminary evaluation in comparison to the 
current best practice, which is manual delineation on the PET/CT image set by 
an experienced radiologist. Comparison was also made with manual 
delineation by the clinical oncologist. 
                                                 
♣
 Note that from this point onwards, VCAT and CAT refer to the instances defined in the previous 
chapter as VCAT1 and CAT1. 
6 
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Among the published studies of delineating the GTV on PET, most 
interest has been regarding NSCLC where the use of FDG PET/CT has been 
shown to be relevant both in tumour staging and in target volume delineation 
[118-122]. Similar results have been found in head and neck cancers with 
FDG PET/CT demonstrating improved definition of primary disease and nodal 
areas [74, 123, 124]. Generally, it has been shown that the use of PET allows 
consideration of treatment areas beyond merely defining the target volume 
for the primary lesion. 
Many processes and stages are required to establish the use of PET in 
RTP, including positioning the patient for imaging in the radiotherapy 
treatment position, defining lesion outlines in the treatment planning system, 
and applying radiation beams to the plan. Ideally, PET imaging requires the 
patient to lay down in the radiotherapy treatment position, which requires 
immobilization devices and an iso-centric external laser light with a motorized 
sagittal laser alignment. The time period taken to accomplish the whole scan 
is crucial because for the purpose of the RTP a whole-body image set is not 
required and the lesion area is the most important. Therefore, rather than 
carrying out a full whole body scan, only one to two bed positions may be 
enough to cover the whole lesion area, reducing the scanning time 
significantly, and thereby minimising the chance of patient movements 
between the CT and PET images [125]. After imaging, the reconstructed 
images are usually held on the PET scanner computer ready to be transferred 
to the treatment planning system or to any other computer to undergo any 
desired image processing. There are many different scenarios that could be 
employed in these stages in order to reproduce the lesion outline delineation 
from the PET scan on the treatment planning system. 
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Tumour delineation techniques in PET are associated with a number of 
limitations not due to the technique itself, such as the normal variance in FDG 
uptake, or lesion motion due either to respiratory movements or the absence 
of the immobilization devices. There are also some practical difficulties due to 
the use of either flat or curved couch tops, the possibility of movement 
between the CT and the PET scan, and the difference in speed of acquiring the 
CT and the PET scan with the potential to acquire the images in different 
respiratory phases. 
In this chapter, head and neck (H&N) and non-small cell lung cancer 
(NSCLC) patients were investigated using the VCAT and CAT PET semi-
automated segmentation techniques. Section  6.2 describes the methodology 
and the scenario used to investigate the accuracy of the VCAT and CAT 
method in these patients. Section  6.3 describes the results of these 
investigations, with discussion in section  6.4, and conclusions in section  6.5. 
6.2. Methodology 
The main difficulty in validating any PET segmentation technique in patient 
studies is the absence of gold standard which is the true lesion boundary and 
volume size. To overcome this obstacle, the VCAT and CAT segmented 
volumes in patients were compared with the tumour outlines drawn manually 
by both an experienced radiologist on the PET images (radiologist-delineation), 
and tumour outlines drawn manually by an experienced clinical oncologist on 
the CT images (oncologist-delineation). 
As a preliminary study, the VCAT and CAT methods were evaluated in 
two head and neck (H&N) and two NSCLC patients. For the H&N patients, the 
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radiologist and oncologist delineated the GTV and any PET positive lymph 
nodes. For the NSCLC patients, however, the radiologist and oncologist 
delineated only the GTV, because in this case the lymph nodes are usually 
some distance from the GTV, which is not so in H&N patients. In The Christie 
PET/CT department, all patients are routinely scanned on a couch with a flat 
top identical to that used for radiotherapy. 
In order to eliminate any errors associated with the image registration 
between PET/CT and the planning CT scan, the CT component of the PET/CT 
scan was used instead of the one used for radiotherapy treatment planning. 
Only those PET slices that covered the lesion area were selected, and these 
were transferred to a personal computer that has the IDL program for 
VCAT/CAT segmentation, where the VCAT and CAT delineations as well as the 
radiologist-delineation were carried out. The CT component of PET/CT was 
transferred to the Pinnacle treatment planning system where the oncologist-
delineation was carried out. 
6.2.1. VCAT and CAT 
The tumour loose regions required to start the VCAT and CAT techniques were 
drawn by an experienced radiologist. The resulting segmented regions were 
then written to a binary interfile format readable by the Pinnacle treatment 
planning system. These binary files consist of a header file that contains the 
patient and image metadata and an image file that contains the images. 
These files were then transferred to the treatment planning system and the 
outlines of the lesions were reproduced in the Pinnacle treatment planning 
system. 
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6.2.2. Radiologist-Delineation 
An experienced radiologist reviewed the PET images for each individual 
patient and manually delineated the outlines of each lesion by drawing a 2D 
outline slice by slice, and the stack of 2D outlines were used to form the 3D 
radiologist delineated volume. 
6.2.3. Oncologist-Delineation 
The CT image component of the PET/CT scan was transferred to the Pinnacle 
treatment planning system using the DICOM image import option. The 
oncologist delineated the GTV on these CT images taking into account all the 
available information whether from the PET/CT or any anatomical abnormality. 
In this way clinical oncologist delineated the GTV exactly as would happen in 
routine practice. 
6.2.4. Impact of Loose Region Definition in Multiple Lesions 
For the patients with more than one lesion (e.g. primary tumour and lymph 
nodes) two VCAT/CAT segmented volumes were produced: i) using a single 
loose region that encompassed all lesions, or ii) separate loose regions for 
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6.3. Results 
6.3.1. Head and Neck Patients 
6.3.1.1. Comparison of VCAT/CAT with radiologist outlines 
Figure 6.1 and Figure 6.2 show the lesion outlines delineated for the H&N 
cases by the radiologist-delineation (green) and by VCAT and CAT. The slices 
shown in these figures were a carefully selected subset of the full image set, 
chosen to show where the main differences occurred. Generally, the figure 
demonstrates that there was better agreement between the VCAT and CAT 
segmented volume in the first H&N case compared with the second case. Also, 
VCAT/CAT and the radiologist were in closer agreement in the central than in 
the peripheral slices. 
In Figure 6.2 it can be seen that neither VCAT nor CAT segmented the 
two peripheral slices (slice 1 and 16) which were drawn by the radiologist. 
The figure shows also that the radiologist outline is generally larger than the 
VCAT/CAT outline in all slices. 
The observed contrasts, Co, for H&N case one and case two were 11 
and 18 respectively. The resulting VCAT and CAT optimum thresholds in case 












Figure 6.1: A series of CT, PET, and fused PET/CT transaxial slices for 
H&N case one showing the radiologist-delineation (green), the VCAT 
delineation (blue) and the patient’s outline (light-brown). Note that 
because the VCAT delineation is overlapping the CAT delineation (light-
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Figure 6.2: A series of CT, PET, and fused PET/CT transaxial slices for 
H&N case two showing the radiologist-delineation (green), the VCAT 
delineation (blue), the CAT delineation (light-blue) and the patient’s 
outline (light-brown). Note that where the CAT delineation is overlapping 
the VCAT delineation (in most of the slices), it cannot be seen. 
Figure 6.3 shows the nearest distance between the surfaces of the 
radiologist-delineation and the VCAT and CAT delineation. These results show 
that approximately 86% and 89% of the VCAT/CAT delineation overlapped the 
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radiologist-delineation within ±2 mm for case one and two respectively, while 
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Figure 6.3: Differential (a) and cumulative (b) histograms of the nearest 
distance between the surface of radiologist-delineation (reference) and 
the VCAT and CAT delineations for H&N cases one and two using the 
Euclidean distance transformation. 
Table 6.1 summarizes the results of comparing the radiologist-
delineation versus VCAT and CAT delineations. There was very little difference 
between VCAT and CAT in comparison to the radiologist-delineation. There 
was closer agreement between VCAT/CAT and the radiologist in case one 
compared with case two, as evidenced by the higher values of DSC and JSC, 
 Chapter 6                                                                                            Preliminarily Investigation in Patients 
237 
and smaller values of % difference. Overall, the radiologist delineations 
produced larger volume outlines than VCAT/CAT, being 37% in case one and 






























Table 6.1: Summary of the results of comparing the radiologist-
delineation with the VCAT and CAT delineations for the two H&N patients 
with the Dice and Jaccard similarity coefficients. 
 
6.3.1.2. Comparison of VCAT/CAT with oncologist outlines 
Figure 6.4 and Figure 6.5 show the lesion outline comparison for H&N case 
one and two respectively using the oncologist-delineation (red) and the VCAT 
and CAT delineation. Again, the slices shown were a carefully selected subset 
of the full image set, chosen to show where the main differences occurred. 
Similarly to the radiologist-delineation, there is a good agreement in the 
middle slices between the oncologist-delineation and VCAT/CAT delineations. 
There is less agreement in the inhomogeneous neck lesion in case one where 
the VCAT and CAT techniques segmented a smaller lesion, seen in Figure 6.4 
slices 8-10. Due to the large PET pixel size, the VCAT and CAT methods failed 
to follow the curvature of the anatomical structure of the mandible, as can be 
seen in slices 3-6. 
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Figure 6.4: A series of CT, PET, and fused PET/CT transaxial slices for 
H&N case one showing the oncologist-delineation (red), the VCAT 
delineation (blue) and the patient’s outline (light-brown). The VCAT is 
overlapping the CAT delineation (light-blue) in all slices therefore is not 
present. 
In the second H&N case which is presented in Figure 6.5, both the 
VCAT and CAT methods failed to segment the small lesion delineated by the 
oncologist presented in slice 1. It is apparent from the PET image that this 
lesion has a low uptake, confirmed by the measured contrast, Co, which was 
approximately 3. This also happened also in the small lesion on slice 3. 
Case two also represents on of the expected limitations which is the 
patient movement between the CT and PET elements of the PETCT scan. This 
effect is apparent in slice 12 of Figure 6.5 where the oncologist has delineated 
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outlines that were not apparent on the PET images, and slice 14 where 
VCAT/CAT produced an outline on at the periphery of the lesion that was not 
apparent on the CT image. The movement appears to have been with the 
patient mandible having moved between the PET and CT acquisitions. 
 
Figure 6.5: A series of CT, PET, and fused PET/CT transaxial slices for 
H&N case two showing the oncologist-delineation (red), the VCAT 
delineation (blue), the CAT delineation (light-blue) and the patient’s 
outline (light-brown). Note that the CAT delineation is overlapping the 
VCAT delineation in most of slices therefore is not present. 
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Figure 6.6 shows histograms for the nearest distance between the 
surfaces of the oncologist-delineation and VCAT/CAT delineations. Although 
the CAT delineation in case two recorded the highest overlap with 67 % within 
± 2mm, the results of case one were better than case two with 70 % within ± 
2mm. Also, the results of case one were more centred on zero distance, while 
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Figure 6.6: Differential (a) and cumulative (b) histograms of the nearest 
distance between the surface of oncologist-delineation (reference) and 
the VCAT and CAT delineations for H&N cases one and two using the 
Euclidean distance transformation. 
Table 6.2 summarizes the results of comparing the oncologist-
delineation versus VCAT and CAT delineations. The recorded percentage 
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differences in this comparison were the lowest among the previously recorded 
differences. It also shows that the VCAT method has produced a lower 
percentage difference than the CAT method in both cases. Moreover, the 
recorded DSC and JSC were the highest among the previous comparison. In 
case one, the oncologist delineation agreed extremely well with VCAT/CAT 
with 0 % difference in volume size; DSC = 0.76 and JSC = 0.61. However in 
case two the oncologist and VCAT/CAT delineations differed considerably, the 






























Table 6.2: Summary of the results of comparing the oncologist-
delineation with the VCAT and CAT delineations for the two H&N patients 
with the Dice and Jaccard similarity coefficients. 
6.3.1.3. Comparison of oncologist and radiologist outlines 
Figure 6.7 and Figure 6.8 show the lesion outlines manually delineated on the 
two H&N cases by the radiologist-delineation (green) and the oncologist-
delineation (red). As apparent from all slices, the radiologist-delineation was 
always larger than the oncologist-delineation. Although this may in part be 
due to the larger pixel size in PET compared with CT, the primary factor was 
in differences of opinion in deciding on the location and extent of tumour 
tissue. 
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The effect of movements between the CT and PET elements of the 
PET/CT scan is also apparent in this comparison. As apparent from slices 12, 
13 and 14, there is a mismatch between the PET and CT in the mandible 
region. This movement did not only cause a mismatching between the two 
images but also a difference in lesion delineation by the radiologist and 
oncologist. This difference is clear in slice 12 where the oncologist delineates 
an outline which is not apparent in PET, and also in slice 14 where the 
radiologist delineates an outline which was not apparent on the CT. 
 
Figure 6.7: A series of CT, PET, and fused PET/CT transaxial slices for 
H&N case one showing the radiologist-delineation (green), oncologist-
delineation (red) and the patient’s outline (light-brown). 
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Figure 6.8: A series of CT, PET, and fused PET/CT transaxial slices for 
H&N case two showing the radiologist-delineation (green), oncologist-
delineation (red) and the patient’s outline (light-brown). 
Figure 6.9 shows the nearest distance between the surfaces of the 
radiologist-delineation and oncologist-delineation. It can be seen that 
approximately 67 % and 85 % of the VCAT/CAT delineation overlapped the 
radiologist-delineation within ±2 mm for case one and two respectively, while 
the corresponding values for perfect overlap are 23% and 35%. 
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Figure 6.9: Differential (a) and cumulative (b) histograms of the nearest 
distance between the surface of radiologist-delineation (reference) and 
oncologist-delineation for H&N cases one and two using the Euclidean 
distance transformation. 
Table 6.3 presents the results of comparing the radiologist-delineation 
with the oncologist-delineation. These results demonstrate that the radiologist 
has delineated a larger volume than the oncologist. The difference between 
these two volumes was increased by decreasing the oncologist-delineation. 
The DSC and the JSC as well as the percentage difference showed that there 
was a better agreement in delineating the H&N case one than case two. 
 














1 142.34 89.94 36.81 0.64 0.47 
2 108.00 36.44 66.26 0.48 0.32 
Table 6.3: Summary of the results of comparing the radiologist-
delineation with the oncologist-delineation for the two H&N patients, and 
the corresponding Dice and Jaccard similarity coefficients. 
 
6.3.1.4. Impact of combining multiple regions 
All the results presented in the previous comparisons were based on the same 
strategy used in phantoms which was using an individual loose region for each 
lesion and then combining the segmented volumes in a single file. However, it 
is common in H&N patients for there to be more than one lesion, requiring the 
delineation of more than one region of interest. In this section, a comparison 
is made of the use of VCAT/CAT in the two studied H&N patients with either a 
single loose region encompassing all areas of uptake, or a loose region drawn 
on each separate area of uptake. 
The outlines for H&N case one are shown in Figure 6.10. The figure 
shows pairs of PET images for the same slice with the background loose 
region (pink), the different lesions loose regions (yellow, grey and orange), 
the single loose region that encompass all lesions (yellow) outlines and the 
corresponding VCAT delineation for each loose region method (blue and 
purple respectively). For the single loose region method the calculated 
contrast, Co, was 18. For the multiple loose region method there were three 
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loose regions, with calculated contrasts of 14, 6 and 5. However, both loose 
region methods the VCAT and CAT outlines were identical. 
 
Figure 6.10: Pairs of PET images for the same slice in H&N case one 
showing the patient’s outline (brown), the background loose region 
outlines (pink), the different lesions loose regions (yellow, grey and 
orange) in the right-hand image, the single loose region that encompass 
all lesions (yellow) in the left-hand image and the corresponding VCAT 
delineation for each loose region method (blue and purple respectively). 
The outlines for H&N case two are shown in Figure 6.11. The figure 
shows pairs of PET images for the same slice with the background loose 
region (pink), the different lesions loose regions (yellow, grey and orange, 
green, and dark: yellow, orange, grey), the single loose region that 
encompass all lesions (yellow) outlines and the corresponding VCAT/CAT 
delineation for each loose region method (light-blue and dark-purple 
respectively). For the single loose region method the calculated contrast, Co, 
was 11. For the multiple loose region method there were seven loose regions, 
with calculated contrasts of 15, 14, 14, 13, 12, 10 and 6. In this case, for the 
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two loose region methods the VCAT and CAT outlines were identical except for 
a single voxel in one of the areas of FDG uptake, as shown in a magnified 
view of slice 1 in Figure 6.12. 
 
Figure 6.11: Pairs of PET images for the same slice in H&N case two 
showing the background loose region outlines (pink), the different 
lesions loose regions (yellow, grey and orange, green, and dark: yellow, 
orange, grey) in the right-hand image, the single loose region that 
encompass all lesions (yellow) in the left-hand image and the 
corresponding VCAT/CAT delineation for each loose region method 
(light-blue and dark-purple respectively). 
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Figure 6.12: CT, PET, and PET/CT slices from the H&N case two showing 
a one voxel difference in the VCAT delineation using a single loose 
region (purple), and using individual loose regions for each area of 
uptake (blue) compared against the radiologist-delineation (green). 
 
6.3.2. Non-Small Cell Lung Patients 
6.3.2.1. Comparison of VCAT/CAT with radiologist outlines 
Figure 6.13 and Figure 6.14 show the comparison of outlines obtained in the 
two NSCLC cases using the radiologist-delineation (green), VCAT (blue) and 
CAT (light-blue). Generally, there was better agreement between the 
radiologist-delineation and VCAT/CAT delineations in the central lesion slices 
than in the periphery as can seen in slices 11 and 12 in Figure 6.13, as well as 
in slices 4 and 5 in Figure 6.14. However, both the VCAT and CAT disagreed 
with the radiologist-delineation as seen in slices 1-3, 15 and 16 in Figure 6.13 
and slices 1 and 7 in Figure 6.14. This difference can be explained as being 
due to respiratory movement causing blurring around the lesion’s boundaries. 
The effect of the respiratory movement was apparent in the two 
NSCLC cases. This effect caused the radiologist-delineation to be larger than 
the VCAT and CAT delineations because the VCAT and CAT methods did not 
identify the peripheral blurred area of the lesions. 
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The observed contrasts, Co, for NSCLC case one and case two were 22 
and 17 respectively. The resulting VCAT and CAT optimum thresholds in case 
one were 39.1% and 39.2% respectively while in case two they were 40.3% 
and 39.4% respectively. 
 
Figure 6.13: A series of CT, PET, and fused PET/CT transaxial slices for 
lung case one showing the radiologist-delineation (green), the VCAT 
delineation (blue), the CAT delineation (light-blue) and the patient’s 
outline (light-brown). CAT overlaps the VCAT delineation in a number of 
slices, and therefore can not be seen. 





Figure 6.14: A series of CT, PET, and fused PET/CT transaxial slices for 
lung case two showing the radiologist-delineation (green), the VCAT 
delineation (blue), the CAT delineation (light-blue) and the patient’s 
outline (light-brown). VCAT is overlapping the CAT delineation in most of 
slices and therefore is not seen. 
Figure 6.15 presents histograms for the nearest distance between the 
surfaces of the radiologist-delineation and VCAT and CAT delineations for the 
two NSCLC patients. It is clear from the figure that both VCAT and CAT 
delineations were generally smaller than the radiologist-delineation without 
any positive values in the distance histogram. These results show agreement 
of approximately 40% and 99% within a difference of ±2 mm between the 
VCAT/CAT outlines and the radiologist-delineation for case one and two 
respectively, with the corresponding values for complete overlap (zero 
difference) being 8% and 30%. 
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Figure 6.15: Histogram of the nearest distance between the surface of 
radiologist-delineation (reference) and the VCAT and CAT delineations 
for lung cases one and two using the Euclidean distance transformation. 
 
Table 6.4 summarizes the results of comparing the VCAT and CAT 
delineations against the radiologist-delineation. Due to the lesion size for case 
two being considerably smaller than for case one, case two produced smaller 
differences in distance between VCAT/CAT and the radiologist compared to 
case one (as shown in Figure 6.15), whereas the percentage difference in the 
measured volume was similar. 
































Table 6.4: Summary of the results of comparing the radiologist-
delineation with the VCAT and CAT delineations for the two NSCLC 
patients with the Dice and Jaccard similarity coefficients. 
6.3.2.2. Comparison of VCAT/CAT with oncologist outlines 
Figure 6.16 and Figure 6.17 show the comparison between the oncologist-
delineation and VCAT and CAT in NSCLC cases one and two respectively. It is 
apparent that there is a good agreement in the central slices, especially for 
the first case. This agreement becomes less in the peripheral slices, such as 
slices (1-3, 13 and 14) in Figure 6.16 and (1 and 2) in Figure 6.17, where 
VCAT and CAT segmented a volume which was not delineated by the 
oncologist; also in slices 6 and 7 in Figure 6.17 where the oncologist has 
delineated a volume which was not segmented by either VCAT nor CAT 
techniques. 
It is apparent from slice 6 and 7 in Figure 6.17 that both VCAT and 
CAT failed to segment any voxel in these particular two slices. This is probably 
due to the low observed contrast in these particular areas compared to the 
rest of the lesion. This low observed contrast on the periphery of any lung 
lesion is an expected consequence of motion blurring. 





Figure 6.16: A series of CT, PET, and fused PET/CT transaxial slices for 
lung case one showing the oncologist-delineation (red), the VCAT 
delineation (blue), the CAT delineation (light-blue) and the patient’s 
outline (light-brown). The CAT is overlapping the VCAT delineation in 
some slices, where it is therefore not seen. 
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Figure 6.17: A series of CT, PET, and fused PET/CT transaxial slices for 
lung case two showing the oncologist-delineation (red), the VCAT 
delineation (blue), the CAT delineation (light-blue) and the patient’s 
outline (light-brown). The VCAT overlaps the CAT delineation in most 
slices, and therefore can not be seen. 
 
 
Figure 6.18 shows histograms for the nearest distances between the 
outlines of the oncologist-delineation and VCAT and CAT methods in the two 
NSCLC patients. This results show overlap of approximately 92% and 80% 
were within ±2 mm in cases one and two respectively between the outlines of 
the oncologist-delineation and VCAT/CAT, while there is approximately 38% 
and 26% complete overlap (zero distance difference). 
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Figure 6.18: Histogram of the nearest distance between the surface of 
oncologist-delineation (reference) and the VCAT and CAT delineations 
for lung cases one and two using the Euclidean distance transformation. 
 
Table 6.5 summarizes the results of comparing the VCAT and CAT 
delineations against the oncologist-delineation in the two NSCLC patients. The 
percentage differences and the DSC and JSC were much better than those 
obtained by comparing the VCAT and CAT delineations against the radiologist-
delineation. 
 
































Table 6.5: Summary of the results of comparing the oncologist-
delineation with the VCAT and CAT delineations for the two NSCLC 
patients with the Dice and Jaccard similarity coefficients. 
 
6.3.2.3. Comparison of oncologist and radiologist outlines 
Figure 6.19 and Figure 6.20 show the comparison of lesion outlines delineated 
for NSCLC case one and two respectively using both the radiologist-
delineation (green) and oncologist-delineation (red). It is apparent that the 
radiologist-delineation was larger than the oncologist-delineation in both 
cases, as can be seen in slice 1 in Figure 6.7 and slices 1 and 8 in Figure 6.20. 
These differences were more evident on the peripheral slices than the middle 
slices, which was due not only to the difference in opinion between the 









Figure 6.19: A series of CT, PET, and fused PET/CT transaxial slices for 
lung case one showing the radiologist-delineation (green), the 
oncologist-delineation (red) and the patient’s outline (light-brown). 
 
 




Figure 6.20: A series of CT, PET, and fused PET/CT transaxial slices for 
lung case two showing the radiologist-delineation (green), the 
oncologist-delineation (red) and the patient’s outline (light-brown). 
 
Figure 6.21 shows a histogram of the nearest distance between the 
radiologist-delineation and oncologist-delineations. It is apparent that the 
oncologist-delineation was smaller than the radiologist-delineation in case one 
as the nearest distances for this case was more negative. The same was true 
for case two, however, more positive distances were added due to the 
oncologist delineation in slice 8 Figure 6.20. These results show approximately 
31% and 84% overlap within ±2 mm in case one and two respectively 
between the radiologist-delineation and oncologist-delineation, while there 
was only 12% and 32 % complete overlap (zero distance difference). 
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Figure 6.21: Deferential (a) and cumulative (b) histograms of the 
nearest distance between the surface of radiologist-delineation 
(reference) and oncologist-delineation for lung cases one and two using 
the Euclidean distance transformation. 
Table 6.6 summarizes the results of comparing the radiologist-
delineation versus the oncologist-delineation. These results represent a high 
percentage difference, even higher than those found in H&N patients. Also, a 
worse DSC and JSC were found in this comparison. However, the results of 
the percentage difference as well as the DSC and JSC suggested that there 
was better agreement between the radiologist and oncologist delineation in 
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case one than in case two. Closer correspondences were found between 












1 240.50 92.70 61.46 0.53 0.36 
2 21.44 5.47 74.49 0.29 0.17 
Table 6.6: Summary of the results of comparing the radiologist-
delineation with the oncologist-delineation for the two NSCLC patients 
with the Dice and Jaccard similarity coefficients. 
 
6.4. Discussion 
A source of the error in segmenting the H&N lesions using the VCAT and CAT 
techniques was the variability of FDG uptake, discussed in section 1.4.1. FDG 
is found to normally accumulate in the brain, heart and urinary tract [126]. In 
head and neck, significant muscle uptake can be observed in breathing 
muscles with hyperventilation, in the cervical muscles with tension and in 
laryngeal muscles with vocalization [127]. Therefore, although these regions 
may show FDG uptake, they are usually considered normal. It is, therefore, 
important to emphasise the need for skilled definition of the loose and 
background regions of the VCAT and CAT segmentation techniques to avoid 
these normal FDG uptake areas. 
Another source of error in segmenting the H&N lesions was the motion 
artefacts due to patient movement between the CT and PET scans [52]. 
Because the PET/CT study starts by acquiring the CT images and then 
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acquiring the PET images in a series of bed positions starting from the feet 
limit to the head limit, the amount of time between acquiring the CT and 
acquiring PET images in the H&N patients could reach up to approximately 30 
minutes. This long delay may cause the patient to move especially with the 
absence of immobilization devices. 
For the NSCLC lesions the main source of the error in using the VCAT 
segmentation technique was the lesion motion during respiratory movement 
[45, 69, 128, 129]. The CT images are usually acquired over a very short time 
(fractions of seconds per slice) while a single PET bed position may be 
acquired over 2.5 minutes. This difference in duration results in acquiring the 
CT images in a different respiratory phase from the PET images, and the PET 
images are acquired over many respiratory phases. This effect not only 
causes a misregistration between the CT and PET images but also causes a 
blurred outline for the lesion. Recently, feasible methods to correct for 
respiratory movement such as respiratory gated image acquisition [68, 130], 
image reconstruction in a specific breath phase [131] or breath-hold image 
acquisition [132] have been reported and are currently undergoing further 
clinical evaluation. 
The current patient study showed clear disagreements between the 
radiologist-delineation and oncologist-delineation, with the oncologist 
delineations being larger by approximately 51% for the H&N cases and 68% 
for the NSCLC cases. Similar findings have been found in previous H&N 
studies such as [74] where the PET GTV increased by at least 25% in 17% of 
the studied patients and also in [133] where eight patients out of twenty-one 
had additional disease on PET which was not visible on CT. Also, similar 
findings were found in NSCLC, such as [134] where they found that the PET 
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GTV increased by 15 mm (expressed in terms of beam apertures) in 34% of 
the studied patients. The VCAT and CAT delineations proved to be in better 
agreement with current best practice, the radiologist-delineation, than the 
oncologist-delineations. 
6.5. Conclusion 
It has been shown that the VCAT and CAT segmentation techniques can be 
applied to patient images as part of the radiotherapy treatment planning 
process. Correct definition of the loose region at the start of VCAT/CAT was 
critical to avoid the inclusion of normal FDG uptake which could lead to 
normal tissues being included in the generated lesion outlines; therefore, it is 
necessary for an experienced interpreter of PET/CT to be involved. 
Based on this preliminary experience, it can be concluded that 
VCAT/CAT produces tumour outlines in agreement with the current best 
practice which is the radiologist-delineation. These techniques will 
considerably reduce the amount of time spent by the radiologists from 
accurately delineate the lesion outline to just delineate the loose regions; and 
then the techniques proceeds automatically to determine the accurate lesion 
outlines, which might expect to eliminate variation between radiologists. 
Therefore the preferred approach for delineating tumour GTV in PET could be 
to use VCAT/CAT with a radiologist defining the loose region; however, further 




Chapter 7:                
SUMMARY, FUTURE WORK AND 
CONCLUSION 
The main aim of this research was to develop the use of PET/CT images for 
the use in radiotherapy treatment planning with the objective of improving 
the accuracy of target volume delineation. This main objective has been 
accomplished and the key results and achievements are summarized in 
section  7.1 followed by suggestion for future work (section  7.2) and 
conclusion (section  7.3). 
7.1. Summary of Key Results and Achievements 
The thesis began with an introduction to the basics of both radiotherapy and 
positron emission tomography (Chapter 1). The chapter outlined the potential 
advantages of using PET in radiotherapy treatment planning and technical 
7 
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issues concerning the use of PET radiotherapy target volume delineation. The 
delineation of tumour outlines in PET images is not straightforward due to the 
relatively low spatial resolution, especially for smaller tumours where it is 
comparable to the tumour size, which results in fuzzy edges of the lesion and 
gives rise to partial volume effects. Another cause of the fuzzy edges is the 
lesion movements during the PET image acquisition. Many previously 
published techniques for target volume delineation were reviewed in chapter 2, 
with discussion of the various advantages and disadvantages. However no 
single technique has yet been published that is superior to all others, or is 
suitable for routine and reliable application in the clinic. 
7.1.1. Development of New Techniques - VCAT and CAT 
Chapter 3 described the development of two novel adjusting thresholding 
techniques, VCAT and CAT, which accurately delineate PET/CT lesions for the 
purpose of radiotherapy treatment planning. These techniques are based on a 
one-off calibration that is specific to the scanner and data production process. 
The VCAT calibration curves represent the relationship between an optimum 
threshold value, Topt, and lesion volume, V, at a given observed contrast, Co, 
while the CAT calibration curves represent the correlation between Topt and Co 
which is applicable across all volumes except less than 1.15 ml (1.15 ml is the 
size of the smallest sphere in the lesion phantom used for calibration). This 
could be applicable for routine practice since lesions with volumes < 1.15 ml 
are not normally considered for RTP. 
Both VCAT and CAT techniques are easy for the operator to use, 
making the tumour delineation more straightforward than carefully drawing 
around areas of uptake. The operator needs only to draw a loose region 
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generously around the lesion on the PET images, and a background region on 
all slices that contain the lesion. The loose region is then used by the 
computer programme to determine the lesion uptake and to constrain the 
segmentation. The method then proceeds automatically to calculate the 
observed lesion contrast and derive the lesion outline, having determined the 
optimum threshold for the given image. 
7.1.2. Quantitative Evaluation of VCAT and CAT Accuracy 
Chapters 4 and 5 presented the evaluation of VCAT and CAT accuracy in a 
range of different situations such as lesion shapes, noise levels, reconstruction 
techniques, and lesion uptake definitions. For the purpose of evaluating the 
accuracy of the new technique, a new concept of “acceptable error” was 
defined, based on an assessment of the size of error which could be tolerated 
in radiotherapy. The key findings were: 
• The VCAT and CAT techniques are more applicable and reliable in the 
routine clinic than the most used previously published method. For the 
range of lesions that are treatable, the new techniques proved to have an 
accuracy which was well within the acceptable error for RTP. 
• The comparison of VCAT and CAT versus the 40% fixed thresholding 
technique was significantly in favour to the new techniques where the 
fixed threshold failed to accurately segment V < 1.15ml with Co~ 5 and 
all volumes having Co~ 2 and 3. 
• VCAT and CAT have limits to their applicability, which occur as lesion size 
and contrast approach lower levels. VCAT was able to segment lesions 
within the acceptable error for all contrasts down to a volume of 0.53 ml 
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in IT, and down to a volume of 1.15 ml for Co ≥ 3 in the case of FBP. The 
CAT method was able to segment lesions within the acceptable error 
down to 0.53 ml for both IT and FBP at 2.5 min tAC. The CAT technique 
was also able to accurately segment the spherical lesions > 1.15 ml for Co 
≥ 3 in case of IT and FBP at all tAC. 
• When using the simplified calibration process, with a single 60 min 
calibration curve, VCAT was found to give results within the acceptable 
error at volumes greater than 1.15 ml and contrasts greater 3 for IT 
reconstruction, and volumes greater than 2.57ml and contrasts greater 3 
for FBP. 
• Both the VCAT and CAT were successfully applied in the irregularly 
shaped phantom series, top-hat and crescent, with errors far less than 
the acceptable error. 
• Overall, VCAT proved to be the more useful of the two new techniques, 
because it was more accurate over a wider range than CAT, being able to 
determine sufficiently accurate tumour outlines and volumes in small 
lesions and low contrast situations. 
In Chapter 5 the impact of using other definitions of lesion maximum 
uptake were evaluated. The definition of lesion maximum uptake used initially 
was to find the maximum voxel value, and take the ratio of this to the 
background to calculate the observed contrast, Co. However, because of the 
possible statistical noise in a single voxel, it was sensible to investigate a 
wider zone, such as using the mean of 9 and 27 voxels around the voxel with 
the highest intensity. Limitations were discovered in using these wider zones 
for the lesion maximum uptake. These limitations were mainly due to the 
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large volume size of the 9 (~1 ml) and 27 (~2.7 ml) voxels compared with 
the small lesions and the smallest spherical volume in the phantom study. 
7.1.3. Clinical Evaluation of VCAT and CAT 
Chapter 6 represented a preliminary evaluation of both VCAT and CAT 
techniques in H&N and NSCLC patients. This evaluation compared the VCAT 
and CAT segmented outlines with what was considered to be current best 
practice, the outlines delineated manually by a radiologist. Comparisons were 
also made with the outlines delineated manually by an oncologist.  
These evaluations revealed a disagreement between the oncologist and 
radiologist delineations especially in NSCLC patients where the radiologist-
delineations were always larger than the oncologist-delineation mainly due to 
three reasons: 
• the difference in nature between the anatomical and physiological 
imaging 
• movement between the CT and PET scans 
• lesion movement due to the respiratory motion 
The VCAT/CAT segmented outlines agreed closely with current best practice, 
as delineated by an experienced radiologist, as well as between VCAT/CAT 
segmented volumes and delineations by an oncologist. These observations 
were confirmed with quantitative analysis using the EDT, DSC and JSC. 
An evaluation was made of the impact of defining the loose regions 
differently in patients with multiple lesions, i.e. primary tumour and lymph 
nodes. Two segmented volumes were produced: i) using one loose region that 
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encompassed all lesions, or ii) separate loose regions for each lesion and then 
combining the segmented volumes. No significant difference was found 
between these two approaches. 
Although VCAT and CAT automatically produce tumour outlines, it may 
still be appropriate for the oncologist, or radiologist, to review these to ensure 
that they are satisfied to proceed to treatment planning. With the current 
implementation where the VCAT and CAT computer programme can be run on 
the treatment planning workstation, it is indeed possible for the oncologist to 
edit the VCAT/CAT outline. This is an important feature, which allows for 
those situations where the PET lesion is close to critical organs, or other 
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7.2. Future Work 
The research presented in this PhD has significantly contributed to the 
development of the use of PET/CT images in the use of radiotherapy 
treatment planning. The conclusion of this work leads to the following 
suggestions for future investigations. 
7.2.1. Future Investigations on the VCAT and CAT Techniques 
• Both VCAT and CAT techniques are based on the value of Co obtained 
from the PET images. The impact of using different maximum lesion 
uptake definitions on the accuracies of the two techniques as well as on 
the calibration curves was studied. Another aspect of determining Co is 
the placement of the initial loose region, since this could change the 
background level. Therefore, investigation is warranted of the impact on 
Co of how different operators, with different expertise (e.g. radiologists 
and oncologists) choose to draw the loose region. 
• Closely related to the above, it would be appropriate to determine by 
how much the inter-observer variations of the manual method employed 
in current clinical practice compare with the results of different operators 
using VCAT, which one would expect to be more consistent. 
• The calibration curves for the VCAT and CAT segmentation techniques 
were generated for the available GE PET/CT scanner at The Christie. 
These calibration curves are clearly scanner dependent, so 
implementation on other scanner should be investigated to explore the 
generalisability of the new technique. 
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• Both VCAT and CAT techniques were evaluated using the most common 
PET radiotracer, FDG. Validations need to be carried out to investigate 
whether the new techniques are applicable with other radiotracer. 
• A more extensive evaluation in a larger number of patients than that 
presented above is warranted. This study should be carried out on a 
other tumour types, and allow for investigation of inter- and intra-
observer variability. 
7.2.2. Future Directions for the Scan Protocol 
• An accurate respiratory motion correction would be of great benefit to 
segment the patient’s lesions especially for chest and upper abdomen 
regions. Such corrections should be accurate in the case of non-rigid and 
non-periodic motions. Whilst simple respiratory gating techniques could 
improve lesion outlines delineation by VCAT, more complex motion 
correction methods may be required in segmenting small lesions. 
• It could be possible to use a scout projection PET image to identify the 
bed positions appropriate to the particular patient-tumour combination, 
which would make it possible to quickly determine the size of the lesion 
or tumour of interest, and also obtain a preliminary measure of the 
contrast. If the lesion size is below a certain volume (e.g. 1 ml) and/or 
the contrast is below a certain value (e.g. Co < 3), then the scan time 
can be increased to ensure sufficiently low image noise to allow reliable 
operation of VCAT/CAT. Alternatively, because for different tumour types 
and locations, the count density varies, it could be possible to devise a 
way of acquiring a certain total number of counts for each disease type, 
in order to achieve the desirable PET image quality. 
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7.3. Conclusion 
A new PET lesion segmentation technique has been developed which proved 
capable of producing tumour outlines at least as accurate as an experienced 
nuclear medicine specialist radiologist, and was also able to determine the 
tumour volume with greater accuracy over a wider range of conditions than 
previously published methods. 
The technique automatically produces accurate 3D tumour outlines, 
derived by measuring the lesion contrast, from which the optimum threshold 
is automatically determined allowing for the size of lesion. Once the two loose 
regions, tumour and background, have been drawn, the technique 
immediately produces the final tumour outlines. The advantages are that the 
process is far quicker than the current practice of manual delineation, and 
there is no dependence on the subjective opinion of different operators. 
Of the two variants of the new technique, VCAT and CAT, VCAT proved 
to be more accurate and effective over a wider range of lesion contrasts and 
volumes, and can determine lesion volumes and delineate outlines well within 
the errors that are acceptable in radiotherapy treatment planning for the 
range of tumour sizes treatable by RTP. 
These results represent an important step towards discovering whether 
the incorporation of FDG-PET information into radiotherapy target volume 
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Crescent Irregular Lesion 
Outer Cylinder Inner Cylinder 
Total Volume 
(ml) 
D (mm) H (mm) d (mm) h (mm) 
4.89 40 9 28 9 
29.1 44 25.5 20 25.5 
66.8 66 25.5 30 25.5 
96.1 64 40 30 40 
     
Top-Hat Irregular Lesion 
Lower Cylinder Upper Cylinder 
Total Volume 
(ml) 
D (mm) H (mm) d (mm) h (mm) 
8.69 20 25.5 10 10 
30.0 30 28 20 32 
71.4 50 25.5 40 16 
101.8 55 30 36 30 
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Appendix II             
IDL VCAT and CAT Segmentation Procedure 
The VCAT and CAT PET segmentation techniques program was written using 
Interactive Data Language (IDL) version 7.1. The following IDL procedure was 
incorporating within the Molecular Imaging Display and Analysis Software 
(MIDAS) which written at this Centre by Dr Peter Julyan. The program was 
written in a way that after defining the tumour loose and the background regions 
using the ROI tool available in MAIDAS, the VCAT volume using Lmax, Lmax9, 
and Lmax27 and the CAT volume using Lmax as well as the corresponding 
optimum thresholds are calculated and displayed. 
Here is the complete procedure to implement the VCAT and CAT PET 
segmentation techniques: 
; If a loose region is defined using the ROI tool, then 
; start the following procedure to calculate the VCAT and 
; CAT volumes. 
IF roiVox2 GT 0 THEN BEGIN 
  Cm = roiMax/MA_BG ;The observed contrast using the maximum 
  C9 = roiMean9/MA_BG ;The observed contrast using the mean of 9 voxels 
  C27= roiMean27/MA_BG ;The observed contrast using the mean of 27 voxels 
  PRINT, Cm, C9, C27 
  V1=500.0   ;Initiate the volume to a very large size 
   
;Read the reconstruction technique from the Dicom header 
  CASE study.description OF 
;Read the acquisition duration from the Dicom header 
   'WB_3D_CTAC_FBP':CASE frameDuration OF 
    60.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 39.35+(19.58/Cm)+(55.55/(Cm)^2)+((4.41+(23.7/Cm)+$ 
(-0.04/Cm^2))/V1)+((7.66+(-33.46/Cm)+(17.35/Cm^2))/V1^2) 
     T9_1 = 38.81+(42.32/C9)+(41.4/(C9)^2)+((62.02+(-55.34/C9)+$ 
(9.69/C9^2))/V1)+((-1.77+(-26.96/C9)+(20.92/C9^2))/V1^2) 
     T27_1= 37.69+(47.8/C27)+(39.28/(C27)^2)+((85.97+(-100.17/C27)+$ 
(19.09/C27^2))/V1)+((-5.79+(-5.03/C27)+(8.95/C27^2))/V1^2) 
     END 
 
    150.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 38.99+(32.34/Cm)+(20.95/(Cm)^2)+((8.02+(-2.74/Cm)+$ 
(36.81/Cm^2))/V1)+((4.82+(-17.64/Cm)+(-4.07/Cm^2))/V1^2) 
     T9_1 = 37.54+(51.29/C9)+(13.86/(C9)^2)+((72.25+(-103.84/C9)+$ 
(51.97/C9^2))/V1)+((-10.33+(15.14/C9)+(-14.21/C9^2))/V1^2)  
     T27_1= 36.18+(59.32/C27)+(6.38/(C27)^2)+((96.6+(-130.68/C27)+$ 
(50.97/C27^2))/V1)+((-14.54+(18.88/C27)+(-10.23/C27^2))/V1^2) 
    END 
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    300.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 39.22+(42.09/Cm)+(0.9/(Cm)^2)+((7.42+(-19.13/Cm)+$ 
(55.72/Cm^2))/V1)+((3.69+(0.56/Cm)+(-21.97/Cm^2))/V1^2) 
     T9_1 = 38.48+(50.55/C9)+(5.1/(C9)^2)+((63.32+(-62.27/C9)+$ 
(21.63/C9^2))/V1)+((-3.13+(-10.64/C9)+(5.2/C9^2))/V1^2) 
     T27_1= 37.98+(50.37/C27)+(8.42/(C27)^2)+((80.92+(-79.57/C27)+$ 
(22.16/C27^2))/V1)+((0.93+(-20.43/C27)+(10.45/C27^2))/V1^2) 
    END 
 
    600.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 40.17+(40.63/Cm)+(-4.23/(Cm)^2)+((.49+(27.50/Cm)+$ 
(-8.65/Cm^2))/V1)+((5.95+(-26.55/Cm)+(17.72/Cm^2))/V1^2) 
     T9_1 = 37.86+(57.88/C9)+(-17.64/(C9)^2)+((69.38+(-85.72/C9)+$ 
(61.85/C9^2))/V1)+((-9.47+(5.57/C9)+(-12.83/C9^2))/V1^2) 
     T27_1= 36.27+(62.99/C27)+(-18.69/(C27)^2)+((94.34+(-120.71/C27)+$ 
(71.55/C27^2))/V1)+((-14.69+(18.08/C27)+(-19.43/C27^2))/V1^2) 
    END 
 
    900.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 38.78+(51.42/Cm)+(-17.45/(Cm)^2)+((10.31+(-33.6/Cm)+$ 
(63.68/Cm^2))/V1)+((1.61+(3.68/Cm)+(-18.59/Cm^2))/V1^2) 
     T9_1 = 38.13+(52.78/C9)+(-4.34/(C9)^2)+((67.35+(-65.3/C9)+$ 
(22.05/C9^2))/V1)+((-6.81+(-9.32/C9)+(8.53/C9^2))/V1^2) 
     T27_1= 37.42+(51.97/C27)+(0.87/(C27)^2)+((86.66+(-77.08/C27)+$ 
(10.10/C27^2))/V1)+((-6.03+(-14.2/C27)+(14.36/C27^2))/V1^2) 
    END 
 
    1200.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 38.26+(52.67/Cm)+(-13.09/(Cm)^2)+((12.59+(-39.4/Cm)+$ 
(56.56/Cm^2))/V1)+((-1.04+(12.46/Cm)+(-20.87/Cm^2))/V1^2) 
     T9_1 = 37.41+(57.63/C9)+(-13.01/(C9)^2)+((71.31+(-80.13/C9)+$ 
(38.72/C9^2))/V1)+((-11.63+(6.46/C9)+(-5.23/C9^2))/V1^2) 
     T27_1= 34.67+(70.21/C27)+(-25.58/(C27)^2)+((100.35+(-145.93/C27)+$ 
(89.59/C27^2))/V1)+((-19.22+(37.06/C27)+(-34.56/C27^2))/V1^2) 
    END 
 
    1800.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 38.61+(45.11/Cm)+(0.37/(Cm)^2)+((11.35+(-16.27/Cm)+$ 
(17.27/Cm^2))/V1)+((1.23+(-5.57/Cm)+(2.55/Cm^2))/V1^2) 
     T9_1 = 37.32+(51.15/C9)+(1.79/(C9)^2)+((72.08+(-54.01/C9)+$ 
(-9.41/C9^2))/V1)+((-12.79+(-6.74/C9)+(18.47/C9^2))/V1^2) 
     T27_1= 36.11+(52.57/C27)+(4.45/(C27)^2)+((92.7+(-62.49/C27)+$ 
(-22.64/C27^2))/V1)+((-13.31+(-13.11/C27)+(25.91/C27^2))/V1^2) 
    END 
 
    3600.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 39.26+(45.68/Cm)+(-1.56/(Cm)^2)+((6.23+(-16.26/Cm)+$ 
(28.06/Cm^2))/V1)+((4.48+(-5.93/Cm)+(-3.02/Cm^2))/V1^2) 
     T9_1 = 37.78+(53.27/C9)+(-2.72/(C9)^2)+((68.63+(-70.61/C9)+$ 
(18.54/C9^2))/V1)+((-9.18+(0.66/C9)+(3.22/C9^2))/V1^2) 
     T27_1= 36.6+(56.63/C27)+(-5.38/(C27)^2)+((91.09+(-102.67/C27)+$ 
(34.57/C27^2))/V1)+((-11.61+(8.97/C27)+(-4.99/C27^2))/V1^2) 
    END 
   ENDCASE 
 
   'WB_3D_CTAC_Iterative':CASE frameDuration OF 
 
    60.: BEGIN  ;Calculate the T1, T9, T27 
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     Tm_1 = 39.34+(-16.94/Cm)+(131.77/(Cm)^2)+((-3.39+(24.6/Cm)+$ 
(-18.8/Cm^2))/V1)+((7.69+(-9.98/Cm)+(-10.82/Cm^2))/V1^2) 
     T9_1 = 38.06+(33.98/C9)+(46.72/(C9)^2)+((65.79+(-102.84/C9)+$ 
(58.47/C9^2))/V1)+((-1.15+(5.81/C9)+(-18.3/C9^2))/V1^2) 
     T27_1= 36.82+(43.82/C27)+(37.58/(C27)^2)+((86.42+(-126.06/C27)+$ 
(56.69/C27^2))/V1)+((-1.47+(5.78/C27)+(-14.25/C27^2))/V1^2) 
    END 
 
    150.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 38.66+(4.07/Cm)+(87.34/(Cm)^2)+((3.85+(-3.03/Cm)+$ 
(-17.64/Cm^2))/V1)+((1.2+(7.03/Cm)+(-6.07/Cm^2))/V1^2) 
     T9_1 = 40.45+(27.7/C9)+(47.41/(C9)^2)+((59.3+(-60.51/C9)+$ 
(-11.67/C9^2))/V1)+((1.46+(-16.33/C9)+(19.61/C9^2))/V1^2) 
     T27_1= 37.3+(43.57/C27)+(31.22/(C27)^2)+((95.41+(-141.71/C27)+$ 
(42.13/C27^2))/V1)+((-5.14+(9.89/C27)+(-3.01/C27^2))/V1^2) 
    END 
 
    300.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 40.51+(17.12/Cm)+(46.25/(Cm)^2)+((-10.98+$(32.34/Cm)+$ 
(0.12/Cm^2))/V1)+((12.18+(-27.89/Cm)+(4.49/Cm^2))/V1^2) 
     T9_1 = 39.65+(20.38/C9)+(51.45/(C9)^2)+((62.44+(-2.6/C9)+$ 
(-85.48/C9^2))/V1)+((-1.27+(-40.08/C9)+(52.33/C9^2))/V1^2) 
     T27_1= 38.48+(26.76/C27)+(44./(C27)^2)+((84.16+(-44.2/C27)+$ 
(-53.02/C27^2))/V1)+((-0.98+(-33.26/C27)+(39.95/C27^2))/V1^2) 
    END 
 
    600.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 40.06+(24.43/Cm)+(27.68/(Cm)^2)+((-4.42+(20.40/Cm)+$ 
(-0.26/Cm^2))/V1)+((2.72+(-2.5/Cm)+(-7.04/Cm^2))/V1^2) 
     T9_1 = 39.75+(35.68/C9)+(15.81/(C9)^2)+((66.49+(-73.98/C9)+$ 
(29.57/C9^2))/V1)+((-6.44+(0.05/C9)+(-2.35/C9^2))/V1^2) 
     T27_1= 38.51+(40.94/C27)+(11.38/(C27)^2)+((88.55+(-101.09/C27)+$ 
(38.09/C27^2))/V1)+((-5.5+(-2.48/C27)+(-1.97/C27^2))/V1^2) 
    END 
 
    900.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 40.81+(17.97/Cm)+(43.46/(Cm)^2)+((-11.25+(65.39/Cm)+$ 
(-67.78/Cm^2))/V1)+((8.85+(-33.18/Cm)+(30.92/Cm^2))/V1^2) 
     T9_1 = 42.9+(14.24/C9)+(47.17/(C9)^2)+((51.75+(7.39/C9)+$ 
(-70.51/C9^2))/V1)+((4.93+(-48.93/C9)+(49.25/C9^2))/V1^2) 
     T27_1= 42.34+(16.41/C27)+(45./(C27)^2)+((69.6+(-9.48/C27)+$ 
(-66.07/C27^2))/V1)+((8.88+(-56.12/C27)+(49.78/C27^2))/V1^2) 
    END 
 
    1200.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 39.59+(25.87/Cm)+(31.72/(Cm)^2)+((-2.59+(6.81/Cm)+$ 
(3.25/Cm^2))/V1)+((3.55+(-0.83/Cm)+(-6.19/Cm^2))/V1^2) 
     T9_1 = 39.75+(32.09/C9)+(22.8/(C9)^2)+((62.92+(-54.34/C9)+$ 
(0.74/C9^2))/V1)+((-3.03+(-13.37/C9)+(13./C9^2))/V1^2) 
     T27_1= 39.25+(32.39/C27)+(22.25/(C27)^2)+((80.45+(-63.59/C27)+$ 
(-2.13/C27^2))/V1)+((1.63+(-27.13/C27)+(19.5/C27^2))/V1^2) 
    END 
 
    1800.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 39.21+(27.03/Cm)+(33.96/(Cm)^2)+((-0.46+(-7.17/Cm)+$ 
(16.45/Cm^2))/V1)+((3.4+(3./Cm)+(-11.4/Cm^2))/V1^2) 
     T9_1 = 36.15+(45.23/C9)+(14.72/(C9)^2)+((76.55+(-87.84/C9)+$ 
(15.95/C9^2))/V1)+((-11.4+(7.78/C9)+(2.39/C9^2))/V1^2) 
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     T27_1= 35.58+(43.32/C27)+(20.52/(C27)^2)+((94.17+(-87.49/C27)+$ 
(-8.82/C27^2))/V1)+((-7.95+(-7.08/C27)+(17.26/C27^2))/V1^2) 
    END 
 
    3600.: BEGIN  ;Calculate the T1, T9, T27 
     Tm_1 = 39.08+(33.88/Cm)+(24.95/(Cm)^2)+((2.63+(-26.32/Cm)+$ 
(25.62/Cm^2))/V1)+((.58+(17.33/Cm)+(-19.09/Cm^2))/V1^2) 
     T9_1 = 39.74+(25.01/C9)+(38.75/(C9)^2)+((70.16+(-48.36/C9)+$ 
(-35.9/C9^2))/V1)+((-10.75+(-2.27/C9)+(19.66/C9^2))/V1^2) 
     T27_1= 38.62+(27.04/C27)+(38.42/(C27)^2)+((92.86+(-71.76/C27)+$ 
(-34.14/C27^2))/V1)+((-11.97+(-0.92/C27)+(19.53/C27^2))/V1^2) 
    END 
   ENDCASE 
  ENDCASE 
 
  PRINT, "Tmax(1)=", Tm_1, "T9(1)=", T9_1, "T27(1)=", T27_1 
   
  FOR I= 0, 100 DO BEGIN 
   N= N_ELEMENTS (WHERE(imageSet(WHERE(imROIdrawn EQ 255)) GE $ 
  (Tm_1*roiMax/100.0))) 
   Vm_2= N*voxVol  ;The volume size that corresponds to T1 
;Read the reconstruction technique from the Dicom header 
   CASE study.description OF 
;Read the acquisition duration from the Dicom header 
    'WB_3D_CTAC_FBP':CASE frameDuration OF  ;Calculate T2 using the maximum 
     60.: Tm_2 = 39.35 + (19.58/Cm) + (55.55/(Cm)^2)+ ((4.41+(23.7/Cm)+$ 
(-0.04/Cm^2))/Vm_2)+((7.66+(-33.46/Cm)+(17.35/Cm^2))/Vm_2^2) 
 
     50.: Tm_2 = 38.99+(32.34/Cm)+(20.95/(Cm)^2)+((8.02+(-2.74/Cm)+$ 
(36.81/Cm^2))/Vm_2)+((4.82+(-17.64/Cm)+(-4.07/Cm^2))/Vm_2^2) 
 
     300.: Tm_2 = 39.22+(42.09/Cm)+(0.9/(Cm)^2)+((7.42+(-19.13/Cm)+$ 
(55.72/Cm^2))/Vm_2)+((3.69+(0.56/Cm)+(-21.97/Cm^2))/Vm_2^2) 
 
     600.: Tm_2 = 40.17+(40.63/Cm)+(-4.23/(Cm)^2)+((.49+(27.50/Cm)+$ 
(-8.65/Cm^2))/Vm_2)+((5.95+(-26.55/Cm)+(17.72/Cm^2))/Vm_2^2) 
     900.: Tm_2 = 38.78+(51.42/Cm)+(-17.45/(Cm)^2)+((10.31+(-33.6/Cm)+$ 
(63.68/Cm^2))/Vm_2)+((1.61+(3.68/Cm)+(-18.59/Cm^2))/Vm_2^2) 
 
     1200.: Tm_2 = 38.26+(52.67/Cm)+(-13.09/(Cm)^2)+((12.59+(-39.4/Cm)+$ 
$(56.56/Cm^2))/Vm_2)+((-1.04+(12.46/Cm)+(-20.87/Cm^2))/Vm_2^2) 
 
     1800.: Tm_2 = 38.61+(45.11/Cm)+(0.37/(Cm)^2)+((11.35+(-16.27/Cm)+$ 
(17.27/Cm^2))/Vm_2)+((1.23+(-5.57/Cm)+(2.55/Cm^2))/Vm_2^2) 
 
     3600.: Tm_2 = 39.26+(45.68/Cm)+(-1.56/(Cm)^2)+((6.23+(-16.26/Cm)+$ 
(28.06/Cm^2))/Vm_2)+((4.48+(-5.93/Cm)+(-3.02/Cm^2))/Vm_2^2) 
    ENDCASE 
     
    'WB_3D_CTAC_Iterative':CASE frameDuration OF 
     60.: Tm_2 = 39.34+(-16.94/Cm)+(131.77/(Cm)^2)+((-3.39+(24.6/Cm)+$ 
-18.8/Cm^2))/Vm_2)+((7.69+(-9.98/Cm)+(-10.82/Cm^2))/Vm_2^2) 
 
     150.: Tm_2 = 38.66+(4.07/Cm)+(87.34/(Cm)^2)+((3.85+(-3.03/Cm)+$ 
-17.64/Cm^2))/Vm_2)+((1.2+(7.03/Cm)+(-6.07/Cm^2))/Vm_2^2) 
 
     300.: Tm_2 = 40.51+(17.12/Cm)+(46.25/(Cm)^2)+((-10.98+(32.34/Cm)+$ 
(0.12/Cm^2))/Vm_2)+((12.18+(-27.89/Cm)+(4.49/Cm^2))/Vm_2^2) 




     600.: Tm_2 = 40.06+(24.43/Cm)+(27.68/(Cm)^2)+((-4.42+(20.40/Cm)+$ 
(-0.26/Cm^2))/Vm_2)+((2.72+(-2.5/Cm)+(-7.04/Cm^2))/Vm_2^2) 
 
     900.: Tm_2 = 40.81+(17.97/Cm)+(43.46/(Cm)^2)+((-11.25+(65.39/Cm)+$ 
(-67.78/Cm^2))/Vm_2)+((8.85+(-33.18/Cm)+(30.92/Cm^2))/Vm_2^2) 
 
     1200.: Tm_2 = 39.59+(25.87/Cm)+(31.72/(Cm)^2)+((-2.59+(6.81/Cm)+$ 
(3.25/Cm^2))/Vm_2)+((3.55+(-0.83/Cm)+(-6.19/Cm^2))/Vm_2^2) 
 
     1800.: Tm_2 = 39.21+(27.03/Cm)+(33.96/(Cm)^2)+((-0.46+(-7.17/Cm)+$ 
(16.45/Cm^2))/Vm_2)+((3.4+(3./Cm)+(-11.4/Cm^2))/Vm_2^2) 
 
     3600.: Tm_2 = 39.08+(33.88/Cm)+(24.95/(Cm)^2)+((2.63+(-26.32/Cm)+$ 
(25.62/Cm^2))/Vm_2)+((.58+(17.33/Cm)+(-19.09/Cm^2))/Vm_2^2) 
     ENDCASE 
   ENDCASE 
 
   Diff_m= ABS(Tm_1 - Tm_2) ;Calculate the difference between T1 and T2 
   IF Diff_m LE 0.001 THEN BEGIN 
     WIDGET_CONTROL, MAVm, SET_VALUE=STRTRIM(Vm_2, 2) 
     WIDGET_CONTROL, MATm, SET_VALUE=STRTRIM((Tm_2*roiMax/100.), 2) 
     BREAK 
   ENDIF ELSE BEGIN 
    IF V1 GT Vm_2 THEN BEGIN 
      V1= Vm_2  ;volume size using the VCAT technique 
      T = Tm_1 
    ENDIF ELSE BEGIN 
      WIDGET_CONTROL, MAVm, SET_VALUE=STRTRIM(V1, 2) 
      WIDGET_CONTROL, MATm, SET_VALUE=STRTRIM((T*roiMax/100.), 2) 
      BREAK 
    ENDELSE 
    Tm_1= Tm_2 
   ENDELSE 
  ENDFOR 
  PRINT, I, Tm_2 
 
  V1 = 500.0 
  FOR I= 0, 100 DO BEGIN 
    N= N_ELEMENTS (WHERE(imageSet(WHERE(imROIdrawn EQ 255)) GE $ 
  (T9_1*roiMean9/100.0))) 
    V9_2= N*voxVol 
;Read the reconstruction technique from the Dicom header 
    CASE study.description OF 
;Read the acquisition duration from the Dicom header 
     'WB_3D_CTAC_FBP':CASE frameDuration OF ;Calculate T2 using mean of 9 
      60.: T9_2 = 38.81+(42.32/C9)+(41.4/(C9)^2)+((62.02+(-55.34/C9)+$ 
(9.69/C9^2))/V9_2)+((-1.77+(-26.96/C9)+(20.92/C9^2))/V9_2^2) 
 
      150.: T9_2 = 37.54+(51.29/C9)+(13.86/(C9)^2)+((72.25+(-103.84/C9)+$ 
(51.97/C9^2))/V9_2)+((-10.33+(15.14/C9)+(-14.21/C9^2))/V9_2^2) 
 
      300.: T9_2 = 38.48+(50.55/C9)+(5.1/(C9)^2)+((63.32+(-62.27/C9)+$ 
(21.63/C9^2))/V9_2)+((-3.13+(-10.64/C9)+(5.2/C9^2))/V9_2^2) 
 
      600.: T9_2 = 37.86+(57.88/C9)+(-17.64/(C9)^2)+((69.38+(-85.72/C9)+$ 
(61.85/C9^2))/V9_2)+((-9.47+(5.57/C9)+(-12.83/C9^2))/V9_2^2) 
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      900.: T9_2 = 38.13+(52.78/C9)+(-4.34/(C9)^2)+((67.35+(-65.3/C9)+$ 
(22.05/C9^2))/V9_2)+((-6.81+(-9.32/C9)+(8.53/C9^2))/V9_2^2) 
 
      1200.: T9_2 = 37.41+(57.63/C9)+(-13.01/(C9)^2)+((71.31+(-80.13/C9)+$ 
(38.72/C9^2))/V9_2)+((-11.63+(6.46/C9)+(-5.23/C9^2))/V9_2^2) 
 
      1800.: T9_2 = 37.32+(51.15/C9)+(1.79/(C9)^2)+((72.08+(-54.01/C9)+$ 
(-9.41/C9^2))/V9_2)+((-12.79+(-6.74/C9)+(18.47/C9^2))/V9_2^2) 
 
      3600.: T9_2 = 37.78+(53.27/C9)+(-2.72/(C9)^2)+((68.63+(-70.61/C9)+$ 
(18.54/C9^2))/V9_2)+((-9.18+(0.66/C9)+(3.22/C9^2))/V9_2^2) 
     ENDCASE 
     
     'WB_3D_CTAC_Iterative':CASE frameDuration OF 
      60.: T9_2 = 38.06+(33.98/C9)+(46.72/(C9)^2)+((65.79+(-102.84/C9)+$ 
(58.47/C9^2))/V9_2)+((-1.15+(5.81/C9)+(-18.3/C9^2))/V9_2^2) 
 
      150.: T9_2 = 40.45+(27.7/C9)+(47.41/(C9)^2)+((59.3+(-60.51/C9)+$ 
(-11.67/C9^2))/V9_2)+((1.46+(-16.33/C9)+(19.61/C9^2))/V9_2^2) 
 
      300.: T9_2 = 39.65+(20.38/C9)+(51.45/(C9)^2)+((62.44+(-2.6/C9)+$ 
(-85.48/C9^2))/V9_2)+((-1.27+(-40.08/C9)+(52.33/C9^2))/V9_2^2) 
 
      600.: T9_2 = 39.75+(35.68/C9)+(15.81/(C9)^2)+((66.49+(-73.98/C9)+$ 
(29.57/C9^2))/V9_2)+((-6.44+(0.05/C9)+(-2.35/C9^2))/V9_2^2) 
 
      900.: T9_2 = 42.9+(14.24/C9)+(47.17/(C9)^2)+((51.75+(7.39/C9)+$ 
(-70.51/C9^2))/V9_2)+((4.93+(-48.93/C9)+(49.25/C9^2))/V9_2^2) 
 
      1200.: T9_2 = 39.75+(32.09/C9)+(22.8/(C9)^2)+((62.92+(-54.34/C9)+$ 
(0.74/C9^2))/V9_2)+((-3.03+(-13.37/C9)+(13./C9^2))/V9_2^2) 
 
      1800.: T9_2 = 36.15+(45.23/C9)+(14.72/(C9)^2)+((76.55+(-87.84/C9)+$ 
(15.95/C9^2))/V9_2)+((-11.4+(7.78/C9)+(2.39/C9^2))/V9_2^2) 
 
      3600.: T9_2 = 39.74+(25.01/C9)+(38.75/(C9)^2)+((70.16+(-48.36/C9)+$ 
(-35.9/C9^2))/V9_2)+((-10.75+(-2.27/C9)+(19.66/C9^2))/V9_2^2) 
     ENDCASE 
    ENDCASE 
 
   Diff_9= ABS(T9_1 - T9_2)  ;Calculate the difference between T1 and T2 
   IF Diff_9 LE 0.001 THEN BEGIN 
       WIDGET_CONTROL, MAV9, SET_VALUE=STRTRIM(V9_2, 2) 
       WIDGET_CONTROL, MAT9, SET_VALUE=STRTRIM((T9_1*roiMean9/100.), 2) 
     BREAK 
   ENDIF ELSE BEGIN 
    IF V1 GT V9_2 THEN BEGIN 
      V1= V9_2  ;volume size using the VCAT technique of 9 
      T = T9_1 
    ENDIF ELSE BEGIN 
      WIDGET_CONTROL, MAV9, SET_VALUE=STRTRIM(V1, 2) 
      WIDGET_CONTROL, MAT9, SET_VALUE=STRTRIM((T*roiMean9/100.), 2) 
      BREAK 
    ENDELSE 
    T9_1= T9_2 
   ENDELSE 
   ENDFOR 
  PRINT, I, T9_2 




  V1 = 500.0 
  FOR I= 0, 100 DO BEGIN 
   N= N_ELEMENTS (WHERE(imageSet(WHERE(imROIdrawn EQ 255)) GE $ 
T27_1*roiMean27/100.0))) 
   V27_2= N*voxVol 
;Read the reconstruction technique from the Dicom header 
   CASE study.description OF 
;Read the acquisition duration from the Dicom header 
    'WB_3D_CTAC_FBP':CASE frameDuration OF ;Calculate T2 using mean of 27 
     60.: T27_2= 37.69+(47.8/C27)+(39.28/(C27)^2)+((85.97+(-100.17/C27)+$ 
(19.09/C27^2))/V27_2)+((-5.79+(-5.03/C27)+(9.95/C27^2))/V27_2^2) 
 
     150.: T27_2= 36.18+(59.32/C27)+(6.38/(C27)^2)+((96.6+(-130.68/C27)+$ 
(50.97/C27^2))/V27_2)+((-14.54+(18.88/C27)+(-10.23/C27^2))/V27_2^2) 
 
     300.: T27_2= 37.98+(50.37/C27)+(8.42/(C27)^2)+((80.92+(-79.57/C27)+$ 
(22.16/C27^2))/V27_2)+((0.93+(-20.43/C27)+(10.45/C27^2))/V27_2^2) 
 




     900.: T27_2= 37.42+(51.97/C27)+(0.87/(C27)^2)+((86.66+(-77.08/C27)+$ 
(10.10/C27^2))/V27_2)+((-6.03+(-14.2/C27)+(14.36/C27^2))/V27_2^2) 
 




     1800.: T27_2= 36.11+(52.57/C27)+(4.45/(C27)^2)+((92.7+(-62.49/C27)+$ 
(-22.64/C27^2))/V27_2)+((-13.31+(-13.11/C27)+(25.91/C27^2))/V27_2^2) 
 
     3600.: T27_2= 36.6+(56.63/C27)+(-5.38/(C27)^2)+((91.09+(-102.67/C27)+$ 
(34.57/C27^2))/V27_2)+((-11.61+(8.97/C27)+(-4.99/C27^2))/V27_2^2) 
    ENDCASE 
     
    'WB_3D_CTAC_Iterative':CASE frameDuration OF 
     60.: T27_2= 36.82+(43.82/C27)+(37.58/(C27)^2)+((86.42+(-126.06/C27)+$ 
(56.69/C27^2))/V27_2)+((-1.47+(5.78/C27)+(-14.25/C27^2))/V27_2^2) 
 
     150.: T27_2= 37.3+(43.57/C27)+(31.22/(C27)^2)+((95.41+(-141.71/C27)+$ 
(42.13/C27^2))/V27_2)+((-5.14+(9.89/C27)+(-3.01/C27^2))/V27_2^2) 
 
     300.: T27_2= 38.48+(26.76/C27)+(44./(C27)^2)+((84.16+(-44.2/C27)+$ 
(-53.02/C27^2))/V27_2)+((-0.98+(-33.26/C27)+(39.95/C27^2))/V27_2^2) 
 
     600.: T27_2= 38.51+(40.94/C27)+(11.38/(C27)^2)+((88.55+(-101.09/C27)+$ 
(38.09/C27^2))/V27_2)+((-5.5+(-2.48/C27)+(-1.97/C27^2))/V27_2^2) 
 
     900.: T27_2= 42.34+(16.41/C27)+(45./(C27)^2)+((69.6+(-9.48/C27)+$ 
(-66.07/C27^2))/V27_2)+((8.88+(-56.12/C27)+(49.78/C27^2))/V27_2^2) 
 
     1200.: T27_2= 39.25+(32.39/C27)+(22.25/(C27)^2)+((80.45+(-63.59/C27)+$ 
(-2.13/C27^2))/V27_2)+((1.63+(-27.13/C27)+(19.5/C27^2))/V27_2^2) 
 
     1800.: T27_2= 35.58+(43.32/C27)+(20.52/(C27)^2)+((94.17+(-87.49/C27)+$ 
(-8.82/C27^2))/V27_2)+((-7.95+(-7.08/C27)+(17.26/C27^2))/V27_2^2) 




     3600.: T27_2= 38.62+(27.04/C27)+(38.42/(C27)^2)+((92.86+(-71.76/C27)+$ 
(-34.14/C27^2))/V27_2)+((-11.97+(-0.92/C27)+(19.53/C27^2))/V27_2^2) 
    ENDCASE 
   ENDCASE 
 
   Diff_27= ABS(T27_1 - T27_2) Calculate the difference between T1 and T2 
   IF Diff_27 LE 0.001 THEN BEGIN 
       WIDGET_CONTROL, MAV27, SET_VALUE=STRTRIM(V27_2, 2) 
       WIDGET_CONTROL, MAT27, SET_VALUE=STRTRIM((T27_2*roiMean27/100.), 2) 
     BREAK 
   ENDIF ELSE BEGIN 
    IF V1 GT V27_2 THEN BEGIN 
      V1= V27_2  ;volume size using the VCAT technique of 27 
      T = T27_1 
    ENDIF ELSE BEGIN 
      WIDGET_CONTROL, MAV27, SET_VALUE=STRTRIM(V1, 2) 
      WIDGET_CONTROL, MAT27, SET_VALUE=STRTRIM((T*roiMean27/100.), 2) 
      BREAK 
    ENDELSE 
    T27_1= T27_2 
   ENDELSE 
  ENDFOR 
  PRINT, I, T27_2 
 
;   CAT Technique 
;Read the reconstruction technique from the Dicom header 
   CASE study.description OF 
;Read the acquisition duration from the Dicom header 
     'WB_3D_CTAC_FBP':CASE frameDuration OF 
      60.  : Tc_m = 40.7 + (7.32/Cm) + (110.2/Cm^2) 
      150. : Tc_m = 40.7 + (19.2/Cm) + (58.1/Cm^2) 
      300. : Tc_m = 40.8 + (33.1/Cm) + (21.7/Cm^2) 
      600. : Tc_m = 40.4 + (38.3/Cm) + (7.43/Cm^2) 
      900. : Tc_m = 40.3 + (44.5/Cm) + (-3.73/Cm^2) 
      1200.: Tc_m = 39.2 + (49.4/Cm) + (-5.48/Cm^2) 
      1800.: Tc_m = 40.2 + (43.1/Cm) + (3.05/Cm^2) 
      3600.: Tc_m = 40.6 + (37.2/Cm) + (12.5/Cm^2) 
     ENDCASE 
    'WB_3D_CTAC_Iterative':CASE frameDuration OF 
      60.  : Tc_m = 38.6 + (-9.76/Cm) + (122.3/Cm^2) 
      150. : Tc_m = 38.2 + (18.4/Cm) + (58.5/Cm^2) 
      300. : Tc_m = 38.1 + (31.7/Cm) + (28.7/Cm^2) 
      600. : Tc_m = 37.8 + (43.7/Cm) + (1.08/Cm^2) 
      900. : Tc_m = 37.8 + (39.0/Cm) + (14.8/Cm^2) 
      1200.: Tc_m = 39.5 + (28.5/Cm) + (23.4/Cm^2) 
      1800.: Tc_m = 38.0 + (37.2/Cm) + (18.7/Cm^2) 
      3600.: Tc_m = 38.2 + (36.6/Cm) + (21.8/Cm^2) 
    ENDCASE 
ENDCASE 
N= N_ELEMENTS (WHERE(imageSet(WHERE(imROIdrawn EQ 255)) GE $ 
  (Tc_m*roiMax/100.0))) 
  Vc= N*voxVol  ;volume size using the CAT technique 
  WIDGET_CONTROL, MAVc, SET_VALUE=STRTRIM(Vc, 2) 
  WIDGET_CONTROL, MATc, SET_VALUE=STRTRIM((Tc_m*roiMax/100.), 2) 
ENDIF
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